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MOLYBDENUM REQUIREMENT OF LEGUMINOUS PLANTS 
SUPPLIED WITH FIXED NITROGEN 


W. R. MeaGHer,! C. M. JOHNSON AND P. R. Srovur 
(WITH FIVE FIGURES) 


Received December 6, 1951 


This report offers evidence of the essentiality of molybdenum for the 
growth of two important members of the Leguminosae. Wutson (5) from 
field experiments, convincingly deduced that the scald disease of beans in 
New South Wales was due to a straightforward molybdenum deficiency of 
the bean plant uncomplicated by secondary effects of nitrogen transforming 
microérganisms as discussed by MuLper (4). Evans et al. (1) with care- 
fully controlled solution culture experiments demonstrated the essentiality 
ot molybdenum for alfalfa when supplied with sources of fixed nitrogen. 


Hewitt (2) also has reported production of molybdenum deficiency symp- 
toms in lucerne, alsike clover, and red clover. 


The particular experiments reported here were undertaken as a necessary 
adjunet of certain cropping experiments with a low molybdenum supplying 
soil. Because of the timely reports mentioned above (1, 2, 5), the writers 
first thought that an account of our experiences might be superfluous since 
the primary intent in conducting these experiments was to determine whether 
or not molybdenum was essential for the growth of legumes. However, in 
this work there are several other points of interest regarding the quantita- 
tive requirements for molybdenum, the specific symptoms of molybdenum 
deficiency in beans and peas (which are quite different), and the nature of 
recovery of injured plants after receiving molybdenum supplements which 
may be of interest to plant physiologists and perhaps agronomists. 

Witson’s suggestion (5) that bean seeds imported into low molybdenum 
areas produced plants which were immune to seald disease because of the 
higher molybdenum contents of the seed, becomes completely plausible in 
the light of these experiments. For beans and peas, seeds containing 0.5 
microgram molybdenum were found to satisfy completely the physiological 
requirement for molybdenum during growth of the plant from seed to ma- 


1 Present address: State of California Department of Public Health, Division of 
Laboratories, Berkeley 4, California. 
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turity. Seeds from commercial sources were found to be highly variable in 
molybdenum with 3 to 5 micrograms per seed being not uncommon. Mo- 
lybdenum thus becomes novel from the point of view that we know of no 
other nutrient element which can be stored in the seed and subsequently 
be made available to the plant in amounts ranging from sufficient, to a ten- 
fold excess of the mature plant’s nutritional needs 

The need for the specific experiments reported here arose from observa- 
tions on the comparative growth of legumes made by JOHNSON et al. (3) 
during studies of a large number of different species of crop plants in pot 
cultures growing on the same molybdenum deficient soil. The soil had re- 
ceived liberal fertilization with respect to nitrate, phosphate, and potassium. 
At the time the experiments reported here were started, Johnson et al. had 
grown 30 different kinds of plants. Moderate to very severe injury was ob- 
tained for all non-leguminous dicotyledons. By contrast, no evidence of 
molybdenum stress was shown in any of the legumes included in the series. 
The legumes were: peas (Pisum sativum); beans (Phaseolus vulgaris) ; 
cowpeas (Vigna sinensis) ; the clovers (Trifolium repens, Trifolium subter- 
raneum, Melilotus alba); and trefoil (Lotus corniculatus). It was also 
noted that no evidence of molybdenum stress was shown by any of the 
monocotyledons included in the series, namely oats (Avena sativa), barley 
(Hordeum vulgare), wheat (Triticum aestivum), sorghum (Sorghum vul- 
gare), and corn (Zea mays). Since then, the series has been expanded con- 
siderably to cover other species and their growth during different seasons 
of the year. A report of the comparative molybdenum nutrition of all the 
species grown on the same soil will be presented elsewhere. However, it 
should be stated that early generalizations regarding lack of responses to 
molybdenum by legumes has been consistent in all subsequent experiments; 
and that among the grasses so far tested only timothy (Phleum pratense) 
has shown response to molybdenum fertilization. 

Since the legumes failed to show response to molybdenum fertilization 
the question arose as to whether they required molybdenum when supplied 
with fixed nitrogen. At the time, no references in the literature were found 
wherein a legume had been used in critical demonstrations of molybdenum 
as an essential element for plant growth. Therefore it appeared necessary 
to settle the point by experimentation. 

In the following experiments, molybdenum deficiency symptoms in peas 
or beans could not be demonstrated when seed from commercial sources was 
used. However, by growing a crop on purified culture solutions, and by 
using the seeds so produced (first generation seed) for further experiments, 
it was demonstrated conclusively that molybdenum was essential for the 
growth of beans and peas. 


Experimental procedure 


Dwarf Horticultural variety beans and Dwarf Telephone peas were 


grown on purified basal nitrate medium of the following composition in 
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milliequivalents per liter: K, 7; Mg, 4; Ca, 10; NOs, 15; H2PO 4, 2; SO4, 4. 
Salts containing the micronutrients were added to give 0.5 p.p.m. B; 0.5 
p.p.m. Mn; 0.02 p.p.m. Cu; and 0.05 p.p.m. Zn. Ferrous sulphate to make 
0.5 p.p.m. Fe was supplied twice weekly. Macronutrient salt solutions were 
purified by coprecipitation of molybdenum with copper as sulphides. Pyrex 
distilled water was used. Comparative growth experiments with tomatoes 
had shown earlier that less than 0.05 microgram of molybdenum was de- 
rived from the salts, containers and all of the water added during growth 
of the plants. 

Seeds were germinated in Pyrex trays with Pyrex supporting rods de- 
signed to permit easy removal of the germinating seedlings for transplant- 
ing. Four plants were planted in four liters of culture solution in Pyrex 
beakers having paraffined plaster of Paris covers. First generation seeds 


MO DEF BEAN 7-11-49 


Fic. 1. Bean leaves. Molybdenum deficient (left) and normal (right). 


used for most of the experiments contained an average of 0.08 microgram 
molybdenum per seed for both peas and beans. 

With the first generation seed considerable growth was made before signs 
of molybdenum deficiency appeared. However, after five weeks, abnormal- 
ities appeared in the plants having received no molybdenum supplement. 
Following onset of symptoms each additional day resulted in marked de- 
cline of the plants. No symptoms appeared in any of the control plants re- 
ceiving 0.01 p.p.m. molybdenum (40 micrograms per beaker) nor did symp- 
toms appear in plants grown from commercial seed. 

After appearance of molybdenum deficiency symptoms, recovery was 
effected by supplying molybdenum from Na,MoO, by the following meth- 
ods: (a) painting a leaflet with a solution 100 p.p.m. with respect to molyb- 
denum; (b) addition of 40 micrograms of molybdenum to the culture solu- 
tion; (c) immersion of the tip of a leaf in a solution containing 100 p.p.m. 
molybdenum. Exact procedures for effecting recovery varied between beans 
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und peas because of different times of onset of deficiency symptoms and 
because of the different manifestations of the deficiency disease 


Results and discussion 
MOLYBDENUM DEFICIENCY IN BEANS 
Within three days after indications of poor health of bean plants, inter- 
veinal chlorotic mottling became pronounced, with the leaf tissue collapsing 
in the central portions of the interveinal areas. At this time, leaves were 
fully expanded and of the same size as leaves grown on cultures receiving 


nolybdenum. Figure 1 illustrates the dieback occurring in the molybdenum 


Fic. 2. Removal of molybdenum deficiency in a bean pla 
Ireated and recovered plant on left. Untreated deficient 


plants on ri 
point of application of Nas.MoO, solution 


defielent leaves two weeks later. The normal leaf in figure 1 was taken 
from a deficient culture which had received molybdenum two weeks before 
the photograph was taken. 


There was no noticeable difference between 
plants grown from commercial seed and plants grown from the special low 
molybdenum seed in cultures which received 40 micrograms molybdenum. 
Another point of interest in figure 1 is that green bands remain close to the 
midrib and veins of the molybdenum deficient leaf even though death has 
occurred in most of the cells in the interveinal areas. The green bands per- 
sisted for several weeks before the entire leaf was dead. 


Cultures given 40 micrograms molybdenum three days after deficiency 


symptoms were first observed showed noticeable greening of the plants on 


the second day after treatment. Within five days, growth of the recovering 
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plants compared favorably with those of the control cultures. However, 
the necrotic areas where cellular collapse had occurred to give a water 
-oaked appearance, did not recover. These particular areas dried out com- 
pletely but the leaf tissue immediately bordering the dried areas became 
creen, turgid and quite comparable in appearance to normal leaf tissue. 

All methods of adding molybdenum gave rise to recovery of the treated 
plants. Painting or infusion of leaflets gave slower recovery than additions 
of molybdenum to the culture solutions but with the former treatments gen- 
eral greening of the chlorotic plants took place in about two weeks. Treat- 
ments by painting or infusion involved only one plant in a culture and only 
the treated plant recovered. Other plants in the same culture solution were 
not affected. The treated leaflets did not seem to recover any earlier than 


Fic. 3. Molybdenum deficient and normal bean foliage. See 


text for significance 
if root sizes, 


the rest of the plant. When greening became evident it was general 
throughout the plant with the possible exception that the younger leaves 
were more responsive. Treated plants eventually produced blossoms, pods, 
and seeds, 

Figure 2 (left) shows the result of having painted one half of a single 
leatlet of a molybdenum deficient bean plant. In order to make the solution 
stick to the leaf, a thin layer of absorbent cotton was placed on the upper 
side and moistened with a glass rod dipped repeatedly into the sodium mo- 
Ivbdate solution. The same plants shown in figure 2 (right) along with the 
roots of plants in figure 2 (left) are shown in the culture solution at the left 
figure 3. Special attention is called to the elaboration of roots by the plant 
having recovered by reason of leaf painting. There was no influence on the 
growth of the other plants having roots intermingled in the culture solution. 
Figure 3 (left) shows the molybdenum deficient plants after removal of the 
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top of the recovered plant These deficient plants may be compared wit! 
the plants on the right having received 40 micrograms molybdenum at the 
time of transplanting 

MOLYBDENUM DEFICIENCY IN PEAS 


As with the beans, commercial pea seed did not produce plants showing 


evidence of molybdenum deficiency. Also plants from seed produced by 


previous cropping on molybdenum free culture solutions showed severe 
molybdenum deficieney—but only after the plants had grown for six weeks 
Symptoms of molybdenum deficiency in peas differed considerably from 
other plants we have observed. Whereas chlorotic mottling is a prominent 
feature of molybdenum deficiency in all other plant species observed, chlo- 


rosis Of peas Was never obvious until a day or two before the leaf died 


Normal and molybdenum deficient pea leaves 


Figure 4 shows a normal leaf and three successive stages of injury evidenced 
by molybdenum deficient peas. The leat A of figure 4 is from a plant grown 
on a purified nitrate solution culture supplemented with 0.01 p.p.m. molyb- 
denum. Leaf B shows severe injury with interveinal areas having col- 
lapsed ; however, the leaves were still green in color. Tendrils appeared 
alive and healthy but much restricted in growth. Within two to five days 
aiter the onset of leaf cell destruction the leaves became dry at the tips as 
shown by leaf C. Subsequently, drying extended around the leaf margin 
and stem tissue and tendrils withered as shown by leaf D. 

After the first visible evidence of molybdenum deficiency In peas, death 
of the lower leaves occurred within a week. However, the three or four 
terminal leaves remained green. Thus the vine continued to grow, forming 
new terminal leaves but with only the three or four terminal leaves remain- 
ing alive. 
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Figure 5 shows three pea vines which received different treatments with 
respect to time and methods of addition of molybdenum. Vine A had mo- 
lybdenum added to the culture when it had attained the height shown at D. 
After adding molybdenum to the culture new growth proceeded normally as 
shown at E. Eventually blossoms and pods were formed on similarly re- 
covered pea vines. Vine B of figure 5 shows a plant which never received 
supplemental molybdenum in its culture solution. Only the uppermost 
leaves remained alive. Vine C is a plant grown for the same period as vines 
A and B but its solution received 40 micrograms molybdenum at the time 
of transplanting. 


Fic. 5. Pea vines receiving different molybdenum treatment+. Vine A, referred to 
the text, is on the left 


Summary 


Garden peas, Pisum sativum, and Dwarf Horticultural beans, Phaseolus 
vulgaris, grown with nitrate as the nitrogen source require molybdenum for 
the completion of their life cycle. 

Because of the large amounts of molybdenum in commercially available 
seeds (0.5 to 5 micrograms per seed), demonstration of the need of the above 
species for molybdenum required the use of specially grown low molyb- 
denum seeds. First generation seeds from plants grown on purified culture 
solutions contained in the order of 0.05 to 0.1 microgram of molybdenum. 
Severe molybdenum deficiency could be demonstrated in plants grown from 
such seeds. 

During early growth, plants with and without molybdenum showed no 
visible differences in color or growth rates. Molybdenum deficiency symp- 
toms developed suddenly, becoming definitely noticeable within a single 
day. Upon addition of molybdenum to culture solutions deficient plants 
recovered visibly within two days provided the deficiency was manifested 
only by mottling without necrosis. Painting leaves with « solution contain- 
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ing molybdenum, or infiltration with a similar solution arrested progressive 
necrosis, but a period of two weeks was required to show visible signs oi 


improvement. Recovery after painting was general throughout the plant 
and the specific leaves receiving the treatment appeared to have little spe- 


cial advantage. Bean and pea plants which did not receive molybdenum 
supplements following visible signs of molybdenum deficiency declined very 
rapidly with one additional week being sufficient to cause death of most of 
the interveinal leaf tissue. 

Molybdenum is unique among the essential elements in that normal seed 
of some plants may store, in available form, ten times the total molybdenum 
needs of the plant to be grown from the seed. 

Division OF PLANT NUTRITION 

UNIVERSITY OF CALIFORNIA 
BERKELEY 4, CALIFORNIA 
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THE FORMATION OF STARCH IN LEAVES OF BRYOPHYLLUM 
CALYCINUM CULTURED IN DARKNESS 
Husbert BrRaAvbrorD VICKERY 
(WITH TWO FIGURES) 


Received June 28, 1951 


In experiments carried out in this laboratory several years ago, it was 
noted that excised leaves of Bryophyllum calycinum collected at daybreak 
and cultured in water in darkness may increase appreciably in their content 
of starch (3). Such leaves contain a high proportion of organic acids when 
picked but undergo a marked loss of acidity when kept in darkness for two 
or three days. The suggestion was advanced that the newly formed starch 
may have arisen from organic acids as a result of reversal of the glycolytic 
reactions. Experiments on the normal diurnal variation respectively of 
organic acids and starch in Bryophyllum leaves (4, 6) have lent consider- 
able support to the view that such a course of events is possible, and an 
unpublished experiment carried out by the late Dr. G. W. Pucher shortly 
betore his death in 1947 showed that starch accumulation in leaves cultured 
in darkness may at times reach considerable proportions. Accordingly, 
renewed study has been given to this problem. 

Bryophyllum calycinum leaves collected at daybreak were maintained 
in a closed dark cabinet under a continuous fine spray of water for several 
days, individual samples being removed for analysis at appropriate times. 
The leaves, which contained 3.7 gm. per kilo of initial fresh weight of starch 
at dawn, contained only 1 gm. after a further seven hours in darkness but 
then began to accumulate starch so that, after 26 hours, they contained 3 
gm. and, after 75 hours, 3.6 gm. An even larger relative increase had been 
observed in the unpublished experiment of Pucher (see also 3) so that there 
appears to be no doubt of the capacity of Bryophyllum leaves to behave in 
this manner, notwithstanding a report to the contrary of VaRNER and Bur- 
RELL (5). 


Experimental procedure 


Ten samples of leaflets were collected June 29, 1949 by the statistical 


method (7) from plants of the same lot as those described in another paper 


(6) and in the same manner. Collection was begun at 4:00 a.m. (standard 
time, sunrise at 4:22 a.m.). Zero time was taken as 5:00 a.m. when the 
control sample was placed in the drying oven, and all samples were in place 
in the closed sterilized metal cabinet by 5:07 a.m. The samples were held 
in wire baskets, previously sterilized with steam, supported on two shelves, 
and water at a constant temperature of 23° C was supplied continuously 
from two centrally located spray nozzles immediately above each layer of 
baskets. Sampling times were chosen so as to obtain frequent observations 
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in the early part of the experiment. As each successive sample was re- 
moved, the leaflets were individually blotted as dry as possible, and the 
sample was weighed and dried at 80° C. The first evidence of rootlet for- 
mation at the indentations in the margins of the leaves was seen at 75 hours. 
At 99 hours, most of the leaflets had developed rootlets some of which were 
1 cm. long and, at the end of the experiment at 196 hours, in spite of the 
fact that these leaflets were relatively young, all save the smallest had root- 
lets many of which were 3 cm. long. 


TABLE I 


FUNDAMENTAL DATA ON SAMPLES OF EXCISED Bryophyllum Calycinum LEAVES 
COLLECTED BY THE STATISTICAL METHOD AND SUBJECTED TO CULTURE 
IN WATER IN DARKNESS. 





Per sample Per kilo initial fresh weight 





Culture Fresh Fresh Equili- Equili- 

period weight weight brated brated ,. Organic 
a a dry dry Nitrogen solids Ash Starch 
start end weight weight 





Ars. gm. gm. gm. gm. gm. gm. gm. 


0 128.5 128.5 14.50 112.8 

7 131.8 135.1 14.70 111.5 

14 126.0 132.8 13.65 108.3 

26 129.3 140.0 13.40 103.6 

34 129.6 141.6 13.05 100.7 
50 126.7 137.2 12.50 98.66 
75 127.2 137.7 12.40 97.48 
99 130.7 141.1 12.60 96.40 
147 129.6 143.8 11.90 91.82 
195 131.7 148.6 12.15 92.25 


Mean 129.1 


Standard 
deviation +2.01 


Coefficient 
of variation, % 1.6 1.2 1.8 





The techniques for drying, equilibrating, grinding and storing the sam- 
ples are described in the previous paper (6). They were removed from the 
air-conditioned room only when subsamples were being weighed for analy=is. 

Table I gives the fundamental data on the weights and composition of 
the samples. The accuracy with which they duplicated each other is evi- 
denced by the results for total nitrogen whieh had a coefficient of variation 
of 1.2%. Notwithstanding the apparent slight loss of ash constituents to be 
seen in the observations at zero and at seven hours, the ash weights had the 
unusually low coefficient of variation of 1.8°. The alkalinity of the ash 
averaged 256 + 5 m.eq. per kilo of initial fresh weight (fig. 1), and the data 
did not reflect the slight loss to be seen in the initial figures for ash. It is 
possible, therefore, that the lost material consisted merely of dirt on the sur- 
face of the leaves which was washed away by the water. The organic solids 
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show continuous loss owing to the effect of respiration, the data for the first 
34 hours (fig. 2) falling upon an approximately straight line; the rate of loss 
of organie solids then diminished. 

The initial behavior of the starch (fig. 2) suggests that, for the first few 
hours of the experiment, starch was being used in metabolism in a manner 
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Fic. 1. Changes in the organic acid composition and pH of excised leaves of Bry- 
ophyllum calyemum cultured in water in darkness. Data are milliequivalents per kilo 
of initial fresh weight. 


that was, in effect, a continuation of its behavior during the night. Leaves 
closely similar to these had been found to contain approximately 20 gin. of 
starch per kilo at sunset when exposed to light throughout the day, and 
it is to be presumed that the 3.7 gm. per kilo found in the present samples 
at dawn represent the part of this quantity which still remained when the 


samples were collected. 
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A significant change in the organic acid composition was initiated shortly 
after the start of the experiment, for at the end of seven hours citrie acid 
had inereased and isocitric acid had decreased (fig. 1). Under the stress 
set up by the prolonged period of darkness, more of the components of the 
tissue then became involved in the chemical changes that occurred. Respi- 
ation, as evidenced by the loss of organic solids (table I), continued at a 


( 


igh rate, 1 gm. of organic matter (about 1% of the organic solids) being 


. 





© 
o 


@ 
4) 


ORGANIC SOLIDS 


@ 
oO 


~ 
5 





STARCH 


INITIAL FRESH WEIGHT 
Ww 


PROTEIN NITROGEN 
oO 


° 
= 
x 
i 
ry) 
a 
7) 
= 
oe 
od 
9 


UNF ERMENTABLE 





SUCROSE 





° 30 90 180 
HOURS 











Fic. 2. Changes in soluble carbohydrates, starch, and organie solids of excised 
leaves of Bryophyllum calycinum cultured in water in darkness. Data are grams pel 


kilo of initial fresh weight 


completely oxidized every 3.6 hours for the first 34 hours. Beginning after 
seven hours, malic acid (fig. 1) diminished rapidly in quantity and there 
was also a sudden increase in the organic acids of the so-called undeter- 
mined fraction. Nevertheless, the total quantity of organic acids present in 
the system diminished continuously and the pH began to rise. Most striking 
of all was the formation of an appreciable quantity of starch. 

During the second day, the protein (fig. 2) began to be used in the 
metabolism and, in the interval between 26 and 99 hours, protein nitrogen 


diminished by about 10% of the quantity initially present; thus about 1.7 
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gm. of protein disappeared as such during this interval. Subsequently, how- 
ever, the loss of protein was only slight. 

Probably associated with the behavior of the starch is that of the soluble 
reducing sugar calculated as glucose (fig. 2). This increased by about 0.7 
gm. in the first seven hours (the starch diminished by nearly 3 gm.) but 
then passed through a maximum and subsequently decreased until 99 hours 
had elapsed. Between 14 and 75 hours, about 1 gm. of glucose disappeared 


while about 2 gm. of starch were formed. The unfermentable carbohydrate 


likewise had increased slightly at seven hours and subsequently decreased, 
but it soon reached a level that remained substantially constant for the rest 
of the period studied. The quantities involved in the changes of this com- 
ponent were, however, small, being only from 0.2 to 0.3 gm. Sucrose 
dropped rapidly from its initial level of 0.5 gm. per kilo and only negligible 
amounts remained after the first day. 

The more rapid phase of the general metabolism continued for about 
75 hours. By that time the rate of respiration had decreased materially and 
starch began to diminish slowly. The rate at which malice acid was dimin- 
ishing also had become slow and citrie acid had passed through a flat maxi- 
mum. Isocitrie acid, however, appeared to have reached a new equilibrium 
level within 26 hours and thereafter changed not at all. 


Discussion 

To visualize the relative magnitude of the major chemical transforma- 
tions that occurred, the behavior of malic acid may be considered. Starting 
at 302 m.eq. per kilo of fresh weight, malice acid diminished to 22 m.eq. after 
195 hours. Thus, 280 m.eq. or 18.7 gm. of malic acid per kilo were ulti- 
mately converted into other substances. This amount is 20 of the organie 
solids present in the leaves at the start. 

The confirmation of earlier observations on the formation of stareh dur- 
ing culture of Bryophyllum leaves in darkness for a prolonged period is of 
special interest. Synthesis of starch took place contemporaneously with the 
extensive decrease in malice acid and, because of the obvious close relation- 
ship of these two phenomena noted in studies of the normal diurnal varia- 
tion of acids and starch (4, 6), it is natural to associate them in the present 
ease as well. Although the data for starch and for malic acid over the 
period from 7 hours to 195 hours inclusive are closely correlated mathe- 
matically (r =—0.93; r = 0.898 for P = 0.001 with seven degrees of freedom), 
an inquiry into the relative quantities of starch and of malice acid that 
underwent change during the successive periods of study suggests that the 
metabolic relationship is not a simple one. During the first seven hours, 
starch equivalent to 17 millimoles of glucose (3% of the organic solids) dis- 
appeared but there was no change in malie acid. In the next interval of 
seven hours, starch equivalent to four millimoles of glucose was formed 
while malice acid dropped by 35 millimoles. During the next 12 hours, stareh 
equivalent to nine millimoles of glueose was formed and 39 millimoles of 
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malice acid disappeared. The molar relationships in the subsequent intervals 
are equally irregular. Although the transformation of malic acid into other 
substances continued at a rate which follows a smooth curve, the changes in 
starch fluctuated irregularly and by quantities that were in all cases small 
in comparison with those of the acid. In the absence of studies with tracer 
elements, no definite conclusion as to the chemical fate of the malic acid 


ean be drawn and none regarding the origin of the starch. The purely ana- 


lytical method of searching for metabolic relationships breaks down when 
the changes observed are small in comparison with the total mass of metabo- 
lizing material present. 

Nevertheless, there are two relationships among the organie acid eom- 
ponents of the tissue that merit particular attention. Isocitric acid remains 
unchanged in quantity during the course of the normal diurnal variation in 
acidity of Bryophyllum leaves (4, 6), but it enters into the system of 
metabolic changes almost at once as a result of the unusual stresses imposed 
under the conditions of the present experiment. During the first 26 hours, 
82 m.eq. per kilo (5.2 gm.) of isocitric acid or one third of the total quantity 
present disappeared; this amount is 6% of the organic solids of the tissues 
During the remainder of the culture period, the quantity of isocitric acid 
Was constant within the limits of accuracy of the measurement (coefficient 
of variation 2.3%). The effect is therefore an important one in relation to 
the total quantity of metabolizing substances in the system and clearly indi- 
cates that isocitric acid may under certain circumstances become an active 
participant inthe reactions of the leaf in spite of its apparent inactivity in 
the course of normal diurnal variation in acidity. The observations suggest 
that, in the initial phases of culture in darkness for a period beyond the nor- 
mal length of a night, the position of equilibrium of isocitric acid changes in 
order to meet the new conditions. This is the first demonstration based on 
direct analytical determinations that isocitric acid may play an active part 
in the organie acid metabolism of the Bryophyllum plant. 

That the decrease in isocitric acid may be correlated chemically, via an 
aconitase type of reaction, with the simultaneous increase in citric acid is 
possible but furnishes at best an incomplete picture of the relationships. 
The increase in citric acid was only 50 m.eq. (3.25 gm.) in the first 26 hours 
and, more significantly, continued along a smooth curve until about 70 m.eq 
(4.5 gm.) had accumulated after 75 hours. A part, or possibly all, of the 
newly formed citric acid may have been derived from the relatively much 
larger quantity of malic acid that disappeared during this period. The 
possibility that some of the citrie acid may have arisen from the carbohy- 
drate components is not excluded. 

The other notable organic acid transformation was the formation of a 
substantial quantity of acids in the undetermined group. Although the data 
for undetermined acids (fig. 1) are obtained by difference and are subject 
to the combined analytical errors of the separate determinations, uncompen- 
sated error alone could hardly account for more than 10 to 15% of the un- 
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determined acid apparently formed. It is necessary to assume, therefore, 
that unknown acid components increased from a level of approximately 20 
m.eq. per kilo to about 140 m.eq. at the expiration of 75 hours of culture. 
This quantity is 8 to 9% of the organic solids if calculated as its equivalent 
of malic or citric acid. Some of this newly formed acid may have arisen 
from transformations of malic acid, and some may have been derived from 
the isocitric acid; other possibilities are also open. Decision on these points 
must await the identification of the components of this group of reactive 
substances and also the accumulation of knowledge of the enzyme systems 
in the leaves. 

The more rapid metabolic changes seem to have been approximately 
completed at the expiration of 75 hours at which time a different sequence 
of events began. The rate of respiration had dropped, starch began to 
diminish slowly and both citric acid and the group of undetermined acids 
passed beyond their flat maxima and began to decrease slowly; malic acid 
continued to decrease. It is not impossible that these subtle changes in the 
behavior of the components may be associated with the initiation of the 
reproductive phase in these leaves, for it was at this point that the first 
evidence of the formation of rootlets at the indentations of the margins of 
the leaves was seen. During the remainder of the experimental period, 
growth of rootlets became increasingly notable. However, it is doubtful 
that the initiation of this biological event is to be directly attributed to the 
change in the organic acid composition. Growth of plantlets at the margins 
of old basal leaves in Bryophyllum calycinum is a common observation in 
plants maintained under greenhouse conditions, and in such leaves normal 
diurnal variation in acid and starch content is still continuing although 
probably at a lower intensity than in young upper leaves such as those used 
in the present study (2). Accordingly, it does not seem likely that the 
unusual organic acid composition of the present leaves at the time the repro- 
ductive phase began was, per se, the condition which elicited this response. 

The present experiment, then, lends further emphasis to the possibilities 
of rapid and extensive alterations in the organic acid composition of plant 
leaves in response to artificially applied stimuli. These acids are universally 
regarded as intermediates in the processes of carbohydrate metabolism, not 
only in connection with the phenomena of photosynthesis (1), but also with 
those associated with respiration in the more thoroughly investigated ani- 
mal tissues. Pending the identification of the specific enzyme systems 
active in Bryophyllum leaves, it is speculative in the extreme to attempt to 
organize the reactions that are observed into systems analogous to those 
operative in better known cases. Nevertheless, the behavior of the acids in 
Bryophyllum leaves is consistent with the view that among the enzymati- 
cally controlled reactions are some which bear a close analogy to certain of 
the changes recognized as components of the well-known Krebs tricarboxylie 
acid cycle. 

The possible substrates of the high respiration observed in these leaves 
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in the early phase of the culture experiment may be indicated by some oi 
the data. The loss of organic solids in the first 26 hours was 7.6 gm. In 
this period, glucose increased by 0.7 gm., sucrose decreased by 0.4 gm., and 
starch at first decreased by 2.8 gm. and then increased by 2.1 gm. 


It seems 
unlikely, therefore, that simple sugars or starch played a direct and impor- 


tant role in the respiration at this stage. Malice acid decreased by 150 m.eq 
(10.0 gm.) but the total organic acids decreased by only 69 m.eq., a quantity 
equivalent to only about 4.6 gm. of solids. This may indeed represent respi- 
ration loss but there remain 3 gm. of lost organie matter still to be accounted 
for. The protein nitrogen was substantially unchanged during this period 
so that significant respiration of protein components did not take place 
Therefore nearly one half of the organic matter that underwent complete 
oxidation during the first day consisted of substances of as yet undetected 
chemical nature. 


Summary 


An earlier observation that moderate quantities of starch may be formed 
in excised leaves of Bryophyllum calycinum collected at dawn and cultured 
for several days in water in darkness has been confirmed. The increase in 
starch is accompanied by an extensive and continuous loss of malice acid, 
and by a slow increase of both citric acid and the group of undetermined 
organic acids to flat maxima. In addition, about one third of the isocitric 
acid present disappeared within the first 26 hours but, subsequently, no 
change in the quantity of this substance was observed. There was a net 
continuous loss of total organic acids. 

The loss of-organie solids through respiration was rapid for the first 50 
hours but subsequently was slow although continuous. The responses of the 
simple carbohydrates were small in relation to the much larger quantities 
of organie acids which underwent change. The loss of protein from the 
tissues was also relatively small. 

Because of the complexity of the metabolic changes, it is impossible to 
conclude that the newly formed starch was derived through chemical trans- 
formations from the malie acid which disappeared. Nevertheless this 
remains a possibility. 

Certain changes in the curves after 75 hours of culture, especially that 
for starch, are tentatively associated with the initiation of rootlet formation 
at the indentations of the leaf margins. 

The observations as a whole indicate the presence in this species of a 
carbohydrate metabolism which is independent of photosynthesis but which 
can lead to the synthesis of starch. 


Grateful acknowledgment is made to Marjorie D. Abrahams, Laurence 
S. Nolan, and Katherine A. Clark for technical assistance. 
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The organic acids are key metabolites in plants, for they function in the 
synthesis of protein, carbohydrate, and fat and serve as photosynthetic and 
respiratory intermediates. Their metabolism, which has been receiving in- 
creased attention, recently has been reviewed by THIMANN and BoNNER 
(12). The present paper describes the conversion of infiltrated C-labeled 
formic, oxalic, glycolic, acetic, malic or citric acid to other acids in tobacco 
leaves. 

Vickery eft al. (16, 17) have excised tobaeco leaves, immersed their cut 
ends in various solutions, and followed the quantitative changes with time 
in the organic acids of the leaves. The most striking change in the dark was 
the decrease in malic acid accompanied by an increase in citrie acid; all 
data supported the suggestion that malic acid was the source of the citric 
acid formed. More recently Vickery and coworkers (8, 14, 15) have im- 
mersed the cut ends of tobacco leaves in solutions of the potassium salts of 
malic, citric, succinic, fumarie, pyruvic, lactic, tartaric, malonic, isocitric, 
oxalic and acetic acids, and have followed the changes in the dark of total 
organic acid, oxalic, malic, citric and unknown acids, and acetie and iso- 
citric acids when supplied. The changes observed all appeared compatible 
with the operation of a tricarboxylic acid cycle in the tobacco leaves. 

Krorkoy and Barker (6) allowed a cut tobacco leaf to absorb labeled 


acetate through the petiole. Much of the acetate disappearing during the 


22 hour treatment in the dark was oxidized to carbon dioxide, but part was 
transformed into an unidentified fraction with the characteristics of an or- 
ganic acid. Srurz and Burris (11) followed the distribution of C'™ in to- 
bacco leaves supplied with C™QO, in the light and in the dark. In almost all 
instances, the malice acid had the greatest total and specific activity among 
the organic acids. Tobacco plants were allowed to fix C“O. for 15 minutes 
in the light and then were kept in the dark for four hours in the absence of 
CO... The leaves harvested after 15 minutes in light yielded organic acids 
with lower C™ specific activities than the leaves at the end of the ensuing 
dark period; evidently high specific activity precursors of the organic acids 
were formed in the light and transformed to organie acids in the dark. 


Materials and methods 
Sodium formate labeled with C™ was obtained from the Atomic Energy 


Commission, Isotopes Division, and carboxyl labeled sodium acetate from 


1 Published with the approval of the Director of the Wisconsin Agricultural Experi- 
ment Station. Supported in part by the Research Committee of the Graduate School 
from funds supplied by the Wisconsin Alumni Research Foundation 
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Tracerlab, Ine. The calcium glycolate-2-C™ was synthesized by Dr. B. M. 
Tolbert. Oxalic acid was produced by the controlled heating of labeled 
sodium formate (5). Malice and citric acids were isolated by chromatogra- 
phy on silica gel from the leaves of Bryophyllum calycinum which had been 
exposed to C'Og, in the light. 

Tobacco, Nicotiana tabacum var. Havana 38, was grown in the green- 
house for one to three months with HoaGLanp and ARNON’s nutrient solution 
number 1 (3). Leaves used for infiltration were from 15 to 17 em. in length 
and weighed from 3 to 4 gm. Leaves, cut under water, were submerged in a 
solution of a C-labeled acid contained in a paraffin-coated dish. The so- 
lutions of the calcium or sodium salts of the acids were adjusted to pH 5.5 
with H,SO,, and one ml. of the solutions gave 5,000 to 20,000 counts per 
minute when counted with a windowless flowing gas counter. The dish con- 
taining the leaf was placed in a vacuum desiccator, evacuated to about 15 
mm. Hg residual pressure, allowed to stand for 30 to 60 seconds, and then 
the vacuum was released slowly. Successful infiltration was achieved only 
when the leaf blade was uniformly translucent but the main rib and veins 
showed no indication of infiltration; the leaf then transpired the infiltrated 
water rapidly but did not wilt when the petiole was immersed in water. 
Leaves from individual plants were tested to determine the optimum pres- 
sure for infiltration. The infiltrated leaves were rinsed twice with distilled 
water, blotted with paper towels, and placed in a hood. They were uncov- 
ered for illumination or were placed in a ventilated cardboard drum for 
darkening. The leaves transpired their excess water in one to four hours, 
and they were allowed to metabolize for 30 minutes after they regained their 
initial appearance. The leaves were then frozen with liquid air or solid 
COs, ground, and extracted for organic acid analysis. 

A slurry of the frozen, ground tissue was made in 0.5 N H.SO, and 7 N 
H.SO,4 was added to pH 1, a pH low enough to liberate the free acids. The 
slurry was mixed with an equal weight of iron-free (HCI washed) celite 545, 
and 1:1 butanol : chloroform, equilibrated with 0.5. NV HoSO,4, was added 
and mixed (100 ml. total solvent per gm. original wet leaf was used for the 
slurry and for washing). This slurry was placed on a column, and the cyl- 
inder of celite was washed with the additional acid-equilibrated butanol- 
chloroform when the original solvent from the slurry had passed through it. 
The effluent was caught in 0.1 VN NaOH (10 ml. per 4 gm. original tissue) to 
prevent esterification. The acids were titrated, the salts were extracted into 
water, the solution was concentrated, and the free acids were liberated and 
mixed with silica gel essentially as described earlier (4,11). In this second 
purification the free acids were eluted from the silica gel with 1 : 1 tertiary 
amyl alcohol : chloroform equilibrated with 1 M Na ,SO,; the total number 
of ml. of the solvent collected did not exceed the weight in grams of original 
leaf tissue used. 

For the separation of the organic acids a column containing 1 gm. of 
silica gel was prepared as described earlier (4, 11) with about 1.5 gm. of 
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0.5 N HoSO, (stationary solvent) added to each gin. of silica gel. Mallinek- 
rodt’s silicic acid for chromatography can be employed, but the amounts of 
silica gel and aqueous phase used will differ from those described here (7) 
The acids in the tertiary amyl aleohol : chloroform solvent were added to 
the column and fractions of the eluting solvent, 35°¢ n-butanol in chloro- 
form mixture equilibrated with 0.56. V H.SO,4, were collected with an auto- 
matie fraction collector. Water, free of carbon dioxide, was added to each 
tube, and the contents were titrated with 0.05. V Ba(OH).. Sueecinie and 
acetic acids, which are eluted quickly from the chromatographic columns, 


} 


may be contaminated with other acids, so the tables designate them as the 


succinic fraction and the acetie fraction. 

Samples from the experiments with labeled malice and citrie acids were 
converted to BaCOs which was distributed on aluminum planchets for count- 
ing (11). In all other experiments, aliquots of the titrated acids were dried 
directly on the aluminum planchets. Specific activities were calculated from 
the amount of carbon present in the individual acids as indicated by then 
titration. All samples were counted with a windowless flowing gas counte) 
the counting errors were less than 10°% 


Results 


A tobacco leaf was infiltrated with C!-labeled tormic acid and then was 
exposed to light for 40 minutes. From the analyses of the organic acids re- 
covered (fable 1), it is apparent that during the 40 minute period the carbon 
of formie acid was distributed into a number of other acids. The assimila- 
tion of the C™ into malice acid was particularly striking, for at the end of 
the experiment there was far more C' in malie acid than in the formic acid 
remaining. Not only the total activity but also the specific activity of malic 
acid was very high. The citrie acid in this leaf was abundant, but picked 
up much less of the C™ than did the malice acid. Ovxalie acid, glycolic acid, 
and the suecinie fraction each had a higher specific activity than the citric 
acid. Little glycolic acid is present in tobacco leaves, but it had a high 
specific activity. Although it may have been formed by the reversal of 
glycolic and glyoxylic acid dehydrogenases, for the combined activity of 
these enzymes yields formic acid and carbon dioxide from glycolic acid, the 
data do not establish that this was the pathway of glycolic acid formation. 
Degradation of glycolic acid to determine the position of the label derived 
from formic acid might indicate the pathway of formation of the compound; 
it is known (10) that fixation of C'O, rapidly vields glycolic acid uni- 
formly labeled. 

Formic acid obviously is a very active metabolite in tobacco leaves, for 
most of it disappeared in 40 minutes and much of its radioactivity appeared 
in malic acid. Whether this conversion to malic acid involved an initial 
oxidation to carbon dioxide and a photosynthetic fixation of the COs, or 
whether formic acid itself reacted in malie acid formation cannot be an- 
swered by the data, but it seems very likely that a direct conversion without 
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TABLE I 


DISTRIBUTION OF C** IN ORGANIC ACIDS FROM TOBACCO LEAVES 
INFILTRATED WITH C*-LABELED FORMIC ACID AND 
EXPOSED FOR 40 MINUTES IN THE LIGHT. 





Counts 
Organic acid Acid Total counts/min. ——__——_—__—— 
min, X mg. C 





mg. 
Formic 
Succinic fraction 


1,530 
520 1,510 


Glycolic 
Malic 1 
Citric 1 


690 2,620 
25,400 6,570 
2,360 428 


0.53 
0.85 
Oxalic 4.16 920 830 
0.83 
0.80 
4.75 





formation of COs was involved. The formic acid remaining had a lower 
specific activity than that infiltrated, so apparently formic acid is a normal 
metabolite in the tobacco leaf. 

Table II gives the distribution of C™ after infiltration of C'-labeled 
oxalic acid into a tobaeco leat. Oxalate is far from an active metabolite, 
for after 2.5 hours exposure to oxalate in the dark only a very small per- 
centage of the radioactivity had moved from oxalic acid into the other or- 
ganic acids. The oxalic acid had a specifie activity at the end of the experi- 
ment about 40 times as high as that of malie and citric acids, and the 
succinie fraction acquired virtually no C'™. The conclusion of Vickery et 
al. (15, 16) that oxalic acid is an end product and a rather inert compound 
in the tobacco plant is well verified by these tests with the labeled acid. 

Pucher et al. (9) demonstrated that the concentration of oxalic acid in- 
creased rapidly in the buckwheat plant in the early hours of the day. It 
might be implied that oxalic acid is an active intermediate in the buckwheat 
plant, although the data also are compatible with the concept that the oxalic 
acid accumulates as a metabolie end product. Table ILL shows the distribu- 
tion of C™ among the organic acids of buckwheat leaves infiltrated with 


TABLE II 


DISTRIBUTION OF C** IN ORGANIC ACIDS FROM TOBACCO LEAVES 
INFILTRATED WITH C'*-LABELED OXALIC ACID AND 
EXPOSED FOR 150 MINUTES IN THE DARK. 


Counts 
Organic acid Acid Total counts/min. —$$_—_____ 


min, x mg. C 


Succinic fraction 
Oxalic 

Malic 

Citric 
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TABLE Il 


DISTRIBUTION OF C** IN ORGANIC ACIDS FROM BUCKWHEAT LEAVES 
INFILTRATED WITH C**-LABELED OXALIC ACID AND EXPOSED FOR 
40 MINUTES IN THE LIGHT OR 180 MINUTES IN THE DARK. 








——— i SSS = 


; : Total counts/min - 
Organic acid min, x mg. C 


40min. 180min. 40 min. 180 min. 40 min. 180 min. 








mg. mg. 

Volatile acids 3.34 26.20 64 72 47 8 
Succinic fraction 0.12 0.62 95 960 1,900 3,830 
Oxalic 1.80 15.50 5,630 160,000 11,750 38,800 
Glycolic 0.10 0.66 53 1,470 1,700 7,000 
Malic 0.92 6.36 377 1,920 1,130 840 
Citric 0.31 2.12 60 168 520 210 








C-labeled oxalic acid and kept in the light for 40 minutes or in the dark 
for three hours. Although appreciable C™ passed into succinic, glycolie and 


malic acids, it is apparent that the total C' and the C' specifie activity 
remained much higher in the oxalic acid than in any other acid. The con- 
version of oxalic to other acids is several times more rapid than in tobacco 
and may account for substantial turnover of carbon in buckwheat. The 
conversion to glycolic acid is noteworthy, for glycolic acid is an active me- 
tabolite ir lédves and much of the carbon interchanged from oxalic to other 
acids may pass through it. 

Glyeolie acid-2-C™ was infiltrated into tobacco leaves and these were 
exposed for 60 minutes in the light (table IV). After 60 minutes the gly- 
colic acid was nearly exhausted, but its specific activity remained higher 
than the other acids recovered. The total C'™ and C' specific activity were 
much higher in malie acid than in citric acid. Oxalic acid had a high spe- 
cific activity. 

When glycolic acid was infiltrated and the leaf was kept in the dark for 
180 minutes, the quantitative distribution of C' among the organic acids 


TABLE IV 
DISTRIBUTION OF C** IN ORGANIC ACIDS FROM TOBACCO LEAVES 


INFILTRATED WITH C**-LABELED GLYCOLIC ACID AND 
EXPOSED FOR 6 MINUTES IN THE LIGHT. 








Organic acid Acid Total counts/min. __ Comte 
min, x mg. C 





Acetic fraction 115 
Succinic fraction 430 
Oxalic 3 540 
Glycolic R 1,160 
Malic 470 
Citric y 122 
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TABLE V 


DISTRIBUTION OF C4 IN ORGANIC ACIDS FROM TOBACCO LEAVES 
INFILTRATED WITH C*4-LABFELED GLYCOLIC ACID AND 
EXPOSED FOR 180 MINUTES IN THE DARK. 


Organic acid i Total counts/min. Counts 


min. x mg. C 





Acetic fraction 9 167 450 
Succinic fraction 133 820 
Oxalic ° 176 500 
Glycolic 42 1,330 
Malic : 493 350 
Citric 230 1,420 





was distinctly different (table V) from that observed in the light. In the 
dark as in the light the acetic and succinic acid fractions became radioac- 
tive. Oxalic acid was abundant and actually had a specific activity higher 
than malice acid—it is evident that the conversion of glycolic to oxalie acid 
occurs both in light and in dark. The most striking result appears in the 
relative specific activities of malic and citrie acids. Whereas in the light, 
malic acid had a specific activity almost four times higher than citrie acid, 
in the dark citric acid had a specific activity four times higher than malic 
acid, although it had lower total C™. 

In their detailed examination of the metabolism of C'-labeled glycolic 
acid by Scenedesmus, Scuov et al. (10) observed that both malice and eitric 
acids accumulated less than half as much C™ in the dark as in the light; in 
each instance there was about half as much C"™ in citric as in malice acid. 
The observations with tobacco are compatible with the suggestion of BEN- 
son and Cavin (1) and Cauvin (2) that a tricarboxylic acid cycle, active 
in the dark, may be suppressed by light. The assumption must be made 
that glycolic acid, in addition to its oxidation by glycolic and glyoxylic acid 
dehydrogenases, can participate in a tricarboxylie acid cycle. This assump- 
tion is supported by the observation of ScHov et al. (10) that over twice as 
much C'™ from glycolic acid accumulated in siebianie acid in the dark as in 


TABLE VI 


DISTRIBUTION OF C** IN ORGANIC ACIDS FROM TOBACCO LEAVES 
INFILTRATED WITH C**-LABELED ACETIC ACID AND 
EXPOSED FOR fea MINUTES IN THE DARK. 





Organic acid Acid Total counts/min. Counts 
min, x mg. C 





Acetic 895 
Oxalic i 18 
Malic ‘ 560 
Citric 5 970 
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TABLE VII 


DISTRIBUTION OF C** IN ORGANIC ACIDS FROM TOBACCO LEAVES 
INFILTRATED WITH C**-LABELED MALIC ACID AND 
EXPOSED FOR FOUR HOURS IN THE DARK. 
Organic acid Acid Total counts/min. ‘ Counte 


min. x mg. C 


Succinic fraction 0.48 , 1,440 


Malic 1.12 10,400 
Citric 11 57 2,260 


the light, a fact indieative of high activity of a tricarboxylic acid eyele in 
the dark and its partial suppression in the light. 

When carboxy! labeled acetic acid was infiltrated and the leaf was kept 
in the dark for 210 minutes (table VI), citric acid had almost twice the spe- 
cific activity of malie acid, a result much like that observed when glycolic 
acid was metabolized in the dark. These two-earbon acids may be used in 
similar fashion in the formation of malice and citric acids. However, as 
glycolic acid transfers considerable C'™ to oxalie acid and acetic acid trans- 
fers little, it may be assumed that acetic acid yields little glycolic acid. 
Any substantial reduction of glycolic to acetie acid thus appears highly un- 
likely. The higher specific activ ity of citric acid compared with acetie acid 
indicates that acetic acid is a normal metabolite of tobacco leaves, for only 
newly produced acetic acid could dilute the radioactivity of the acetic acid 
infiltrated to a specific activity lower than that of citric acid. In the experi- 
ments of Krerxov and Barker (6) the dilution of the acetate was insuffi- 
cient to establish this point. 

Pucner, Vickery et al. (8, 16) have presented much evidence indicating 
that, in the dark, malie acid is converted to citric acid in tobacco leaves. 
The isotopic technique offers an independent means of checking this obser- 
vation. Malice acid labeled with C' was infiltrated into a tobacco leaf and 
the leaf was kept in the dark for four hours. Table VII indicates the spe- 


TABLE VIII 


DISTRIBUTION OF C** IN ORGANIC ACIDS FROM TOBACCO LEAVES 
INFILTRATED WITH C**4-LABELED CITRIC ACID AND 
EXPOSED FOR FOUR HOURS IN THE DARK. 


, : Counts 
Acid Total counts/min. 


min, x mg. C 





Succinic fraction “ 78 
Oxalic : 47 
Glycolic ; 6 
Malic 2 S.§ 10 
Citric 5. 1,850 
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cific and total activities of the acids. As malice acid was infiltrated it had 


the highest specific activity, but citric acid also had a high specifie activity. 
These data leave no question that carbon from malic acid can be used in 
the synthesis of citrie acid in the darkened tobacco leaf. The small amount 


of succinic acid formed could have arisen by direct reduction of malic acid, 
but the higher specifie activity in citric acid compared with succinic acid is 
compatible with the alternative that the succinie acid was formed by way 
of the tricarboxylie acid cycle. 

The specific activities of acids isolated from leaves infiltrated with C'- 
labeled citric acid and kept four hours in the dark are given in table VIII. 
The citrie acid was converted to other acids sluggishly when compared with 
acids such as formic, acetic and malic. After four hours the citric acid had 
24 times as high a specifie activity as the next most active fraction. Malic 
acid was formed slowly from the citrie acid. Less activity appeared in 
glycolic than in oxalic acid in four hours. 


Discussion 

The data presented illustrate clearly the rapid interconversion of the 
organic acids in the tobacco leaf. However, there are certain limitations 
to the experiments that should be considered. First, the tests have been 
made at pH 5.5 only, and penetration of the labeled compounds into the cells 
may be better at a lower pH. Second, although incorporation of C™ via 
COs, arising from oxidation of the labeled acids, is probably of minor im- 
portance, such incorporation is not distinguished from incorporation directly 
of intact carbon chains. Third, compounds other than the organic acids 
separated unquestionably assimilate a substantial fraction of the C' from 
the infiltrated acid. Fourth, lack of replication, high sampling error and 
variation in time of exposure preclude assertion that the values reported are 
absolute, although the data are adequate to show the general magnitude of 
the interconversions of the organic acids in detached tobacco leaves. 

With the above limitations defined, an examination of the data indicates 
a number of clear-cut interconversions of organic acids by the tobacco leaf. 
One of the most striking is the rapid conversion of formic to malice acid. 
The data in addition to revealing the rapid utilization of formic acid indi- 
cate that it is a normal metabolite in the tobacco leaf. It may arise from 
the oxidation of glycolic and glyoxylie acids (13). 

The sluggish response of the leaves to infiltrated oxalic acid is not sur- 
prising, for most previous work has indicated it to be an end product of 
metabolism. The problem of permeability may be a particularly pertinent 
one here, for the pK, of oxalie acid is well below that of the other acids 
used. Assuming that oxalic acid penetrated effectively, there is nothing to 
indicate it is an active compound in tobacco; however, in buekwheat it may 
be an important intermediate in acid metabolism. 

Malic acid, citrie acid and acetic acid (as an active derivative) partici- 
pate in the tricarboxylie acid evele. Much evidence suggests the existence 
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of a tricarboxylic acid respiratory cycle in plant tissues, although detailed 
support for its function in any single plant tissue has not been marshalled. 
Determination of the fate of infiltrated labeled acids may reveal the fune- 
tioning of a cyclic respiratory mechanism. Acetic acid quickly transferred 
C™ to malic and citric acids. If the citric acid arose by condensation of 
active acetate with oxalacetie acid and then gave rise to malice acid through 
the usual tricarboxylie acid cycle, both the malic and citric acid would be 
labeled with C'*. The high specifie activity of the citric acid fits the con- 
cept well that it was formed from active acetate by the condensing enzyme, 
and the lower radioactivity of malic acid is compatible with its production 
from the citric acid. 

When labeled malic acid was infiltrated into tobacco leaves kept in the 


dark, citrie acid acquired C', a result one would predict if a tricarboxylie 


acid cycle were operative. The fact that the succinic acid fraction recovered 
had a lower specific activity than the citric acid is compatible with its for- 
mation from citrie acid in the cyclic oxidation process, though it does not 
prove that it did not arise from reduction of malic via fumarie acid. When 
the results from the infiltration of labeled citric acid are compared with 
those from the infiltration of malice acid, it is apparent that in four hours in 
the dark the succinic fraction had a relatively higher specific activity when 
derived from malic than from citrie acid. Although caution must be used 
in interpreting the data in absolute terms, these results raise some questions 
regarding the activity of the eyele. The very low C'* content in malie acid 
four hours after labeled citric acid was infiltrated is indicative of a slow 
operation_of a tricarboxylic acid cycle at best, although permeability diffi- 
culties may be evoked in explanation. In short, the data are compatible 
with the operation of a tricarboxylic acid cycle in detached tobacco leaves 
but do not indicate that it functions rapidly; its part in the overall respira- 
tion of the plant remains to be established. 


Summary 


Detached leaves of tobacco were vacuum infiltrated with solutions of 
C'4-labeled formic, oxalic, glycolic, acetic, malic or citric acids adjusted to 
pH 5.5. After the leaves metabolized in the light or dark, their organic 
acids were recovered and were analyzed for C™. 

Formie acid apparently is a normal metabolite in tobacco leaves. It was 
converted rapidly to other organic acids and particularly high levels of C'™* 
appeared in malice acid. 

Oxalie acid was rather inert in tobacco but was more active in buck- 
wheat leaves. 

When labeled glycolic acid was metabolized in the dark, the ratio of C' 
in citric/malie acid was markedly higher than in the light. Both in light 
and dark much C' from glycolic acid accumulated in oxalic acid. 
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In the dark, acetic acid vielded ecitrie acid of about twice the specific 


activity of malice acid. Acetie acid did not appear to be oxidized by way 
of glycolic acid. 
Mahe acid was converted to citric acid by the darkened tobacco leaf. 
Citrie acid was converted sluggishly to other organie acids 
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Introduction 

One fact that is agreed upon in the literature regarding the mechanism 
of phototropism is that the growth curvature results from an unequal dis- 
tribution of auxin. There are at least three hypotheses as to how unilateral 
illumination causes the unequal distribution: 1. Photoinactivation of auxin 
on the lighted side of the plant. 2. A differential change in the rate of syn- 
thesis of auxin on the lighted and shaded sides. 3. Unilateral displacement 
of auxin toward one of the sides. It is the last of these mechanisms with 
which this paper will be primarily concerned. 

If lateral transport of auxin serves as a mechanism for phototropism, it 
requires a transverse polarity which is induced by the tropic stimulation. 
This is essentially a statement of the familiar Cholodny-Went theory, which 
applies to other tropisms as well as phototropism. One logical possibility is 
that such a transverse polarity is electrical in nature. Because of this pos- 
sibility, the transverse electrical changes which occur in the Avena coleop- 
tile as a result of most of the tropic stimuli have been established. The re- 
sults of these studies have been reviewed recently by ScHRrankK (10). 

Apparently only two investigators, (OPPENOooRTH, 6 ScHRANK 8), have 
attempted to measure the transverse electrical changes resulting from stimu- 
lation of the Avena coleoptile by unilateral illumination. OPpPENOORTH’s 
findings (6) indicate that the lighted side of the Avena coleoptile becomes 
electropositive to the shaded side when the plant is unilaterally illuminated 
with a dosage of light which causes positive phototropic curvature (500 
mes). ScHRANK (8), on the other hand, measured the changes in the trans- 
verse electrical polarity in the apex of the Avena coleoptile resulting from 
continuous unilatezal illumination and found that the lighted side became 
electronegative to the shaded side. 

It is the purpose of this investigation to make additional measurements 
of the electrieal changes of the Avena coleoptile when it is stimulated by a 
dosage of light which causes positive phototropie bending and to observe the 
electrical changes resulting from illumination which causes negative bend- 
ing. If the transverse electrical polarity indeed serves as a polar force 
which directs the auxin to the side of the coleoptile which becomes convex, 
the orientation of the light induced polarities in these two instances should 
be opposite. 


1 Aided by a grant from the University of Texas Research Institut 
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Materials and methods 


Plants of Avena sativa, Victory strain (U.S. Department of Agriculture, 
C.I. 2020, kindly supplied by the U. 8. Department of Agriculture) were 
grown in the usual manner, (7). Intact seedlings with straight coleoptiles 
30 millimeters (= 1 mm.) long and which had a well developed root system 
were used. All experiments were performed in a dark room which was il- 
luminated by a ruby glass neon tube which emits only wave lengths longer 
than 6074 A. The temperature was kept at 24° C. (+ 3° C) throughout 
the investigation with variations of not more than 0.5° during any one 
experiment. 

The apparatus used has been described previously (7). Two types ot 
contacts were used: 1. Short tapered glass tubes were attached to electrode 
cups, which were filled with Shive’s solution, so that the electrical connec- 
tion between tube and tissue was a meniscus of this solution. The open 
ends of these tubes were one millimeter in diameter. Two of these contacts 
were used in each experiment. They were placed on opposite sides of the 
coleoptile and were frequently moved laterally to keep the bending plant 
properly spaced between them. The contact between the light source and 


the coleoptile was moved during illumination. 2. The second type of con- 


tact was a combination holder for the plant and contact cup. This combi- 
nation was filled with Shive’s solution to the desired level for making electri- 
cal contact. ‘Only one of these contacts was used for each experiment and 
it was placed basally to the other two contacts. The electrodes were iso- 
electric (+ 1 mv.) zinc-zine sulphate half cells. Electrical measurements 
were made with a pUBRIDGE vacuum tube voltmeter (2). 

In all-experiments the coleoptiles were stimulated by unilateral illumi- 
nation after a 30 minute control period during which electrical and curvature 
measurements were made on the unstimulated plant. A 10 watt frosted G. 
E. mazda lamp and a similar 100 watt lamp were placed at distances from 
the seedling such that when they were activated for two minutes the plants 
received 200 and 31,200 mes respectively. A piece of black paper was kept 
on the shaded side of the plant during illumination. Each experiment was 
90 minutes long. Electrical measurements and tip movements were recorded 
every five minutes. Tip movements were measured by means of a hori- 
zontal ocular micrometer mounted in a horizontal microscope and the curva- 
ture was checked at the end of each experiment by the JtupKins method (4). 


Results 
ELECTRICAL POLARITY CHANGES WHEN THE PHOTOTROPIC RESPONSE IS POSITIVI 


In this series of experiments, consisting of three groups, the coleoptiles 
were stimulated by 200 mes of unilateral illumination. According to pt 
Buy and NUERNBERGK (3) this dosage of light should cause positive photo- 
tropism. 

Group I.—In the first group, the basal contact was placed 10 millimeters 
below the apex. This reference contact was connected to ground. The two 
apical contacts were always placed directly opposite each other on the 
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lighted and shaded side of the coleoptile about one millimeter below the 
apex. The apical contacts were alternately connected to the control grid of 
the duBridge voltmeter. In this way the longitudinal voltages between the 
apical and basal contacts were measured on both the lighted and shaded side 
of the coleoptile. 

Thirteen experiments were completed in this group. Seven coleoptiles 
showed positive phototropic bending. The curves in figure 1A show the 
typical changes in the longitudinal electrical polarities of the seven. Curve 
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Fic. 1. Electrical and curvature responses to stimulation by 200 mes of unilateral 

illumination with contact positions shown by inset. Figure 1 A shows changes in the 

longitudinal polarity. Curve L on the lighted side and curve S on the shaded side. 

Figure 1 B shows the transverse electrical polarities. Curve L-S was obtained by sub- 

tracting curve 8S from curve L in figure 1A. Curve II was similarly obtained from 

another experiment. Figure 1C shows curvature responses in the two experiments 
whose electrical responses are shown in figure 1B 


L represents the longitudinal polarity of the lighted side, and curve S the 
corresponding polarity of the shaded side. The orientation of this polarity 
prior to stimulation is the same as that found by WixLxks (13). The imme- 
diate effect of light stimulation shown by curves L and § is a slight increase 
in the longitudinal potential. This effect was not typically observed and is 
probably a manifestation of individual variation of the plant involved. 
This is followed by a gradual decrease in the polarity, which lasts for about 
20 minutes and results in a reversal of polarity. Toward the end of the ex- 
periment an increase is again noted especially in curve L. 

Curves showing the differences in the longitudinal polarities between the 
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lighted and shaded side are shown in figure 1 B. (These curves were always 
obtained by subtracting the longitudinal polarities of the shaded side from 
those of the lighted side and will hereafter be referred to as transverse po- 
larities.) Curve L-S was obtained from curves L and 8 in figure 1 A, and 
curve II was similarly derived from another experiment in this group for 
which the individual longitudinal polarities were not plotted. Both of these 
curves stay very nearly at zero during the control period. This means that 
the magnitudes of the polarities on the lighted and shaded side remain es- 
sentially the same. Immediately after stimulation there is a tendency for 
the lighted side to show a transitory period of positivity to the shaded side. 
After this the transverse polarity gradually increases with the lighted side 
electronegative to the shaded side. Toward the end of the experiment the 
polarity approaches zero again. From the data in figures 1 A and 1B it ap- 
pears evident that unilateral illumination affects the longitudinal electrical 
polarity on opposite sides of the Avena coleoptile similarly, but the magni- 
tude of the change on the lighted side is greater than it is on the shaded side. 

The curvatures of the coleoptiles whose electrical responses have just 
been described are shown in figure 1C. These curves are labelled to corre- 
spond to the electrical curves. Both of the curves show positive bending. 
The horizontal tip displacement of curve LS is more than for curve Ila, 
while the magnitudes of the angular curvatures (shown at the end of the 
curves as degrees) are reversed. This is explained by differences in the dis- 
tance of the zone of bending from tle apex. Caution must always be exer- 
cised when interpreting curvature measured by the horizontal displacement 


of the tip because a slight bending in the basal region can completely mask 
a larger angular bending in the apex. The bending indicated by the curve 
LS prior to stimulation is due to slight basal curvature. For this reason 


there is no way of detecting from curve LS when phototropic bending in the 
apical region starts. Fortunately, this complication appears in only a few 
instances. 

Grovp II.—In this group of experiments the reference contact was placed 
at the base of the coleoptile and connected to ground. The more apical 
contacts were placed directly opposite each other 10 millimeters below the 
apex (inset in fig. 2). These contacts were connected to the control grid of 
the duBridge voltmeter. Seven out of a total of nine coleoptiles showed 
positive phototropic bending. Results of a typical experiment are shown in 
figure 2. Changes in the longitudinal polarities are represented by curves L 
and § in figure 2 A. In all instances the longitudinal polarity was normally 
oriented at the beginning of the experiment (13). As indicated in figure 2 A 
most of the data show a rapid decrease in polarity immediately after stimu- 
lation which is followed by a gradual increase. This is true for both the 
lighted and shaded sides. 

The corresponding L-S curve is shown in figure 2B. During the control 
period (before stimulation) the transverse electrical polarity remains close 
to zero. Immediately after stimulation the lighted side becomes electro- 
negative to the shaded side. This change lasts for only a few minutes and 
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does not appear in any of the other experiments in this group. The lighted 
side then becomes electropositive to the shaded side and remains so for 
about 30 minutes. This change was characteristically observed. However, 
before the experiment is completed the transverse polarity returns to zero. 

The curvature response in this experiment is presented by curve LS in 
figure 2C. Slight movements of the tip occurred before stimulation. Such 
small movements are attributed to cireumnutation. It should be noted that 
the movement of the tip in the phototropic response does not follow a smooth 
course. This often occurs in tropic bending. The transverse electrical po- 
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Fic. 2. Electrical and curvature responses to stimulation by 200 mes of unilateral 
illumination with contact positions shown by inset. Figure 2A shows changes in the 
longitudinal polarity. Curve L on the lighted side and curve S on the shaded side. 
Figure 2B shows the transverse electrical polarity which was obtained by subtracting 
curve 8 from curve L in figure 2A. Figure 2C shows the curvature responses in the 
same experiment. 
larity changes in this series seem to precede the curvature responses, though 
it was not possible to detect the exact time that curvature started in all in- 
stances. The reasons for this have been presented. 

Group III.—In this group the reference contact was placed at the base 
of the coleoptile, and the apical contacts were placed about 1 millimeter be- 
low the apex. This group consists of six experiments. All showed positive 
phototropic bending, and in every case the lighted side became electronega- 
tive to the shaded side. Results of a typical experiment are shown in fig- 
ure 3. 

Changes in the longitudinal polarity are given as curves L and § in fig- 
ure 3A. The polarity was typically oriented at the beginning of the experi- 
ment in this case (apex negative to base). The first effect of unilateral 
stimulation was to increase the longitudinal electrical polarity of both sides 
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(Increase in polarity as referred to its natural orientation). After a time, 
however, the voltage returns to its orginal magnitude. Curve L-S in figure 
3 B shows the changes which occur in the transverse polarity. The immedi- 
ate effect of stimulation is to cause the lighted side to become electronega- 
tive to the shaded side. After 25 minutes the transverse voltage returns to 
normal. 

The curvature responses of the same coleoptile are shown in figure 3 C 
by curve LS. The rate of tip movement is more uniform in this case than 
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Fic. 3. Electrical and curvature responses to stimulation by 200 mes of unilateral 
illumination with contact positions shown by inset. Figure 3A shows changes in the 
longitudinal polarity. Curve L on the lighted side and curve S on the shaded side. 
Figure 3B shows the transverse electrical polarity which was obtained by subtracting 
curve S from curve L in figure 3A. Figure 3C shows the curvature responses in the 
same experiment. 
it was in the previous instance. In this group it again appears that the elec- 
trical changes precede the initiation of curvature. 


ELECTRICAL POLARITY CHANGES WHEN THE PHOTOTROPIC RESPONSE IS NEGATIVE 


In this series of experiments, consisting of three groups, coleoptiles were 
stimulated with 31,200 mes of unilateral light rather than 200 mes. Accord- 
ing to pu Buy and NuERNBERGK (3), this dosage of light should give nega- 
tive phototropie curvature. 

Group 1V.—Twelve experiments were performed in this group with the 
contact positions the same as in group I. In nine of these the coleoptiles 
curved away from the light as measured by the Judkins method. Results 
from these nine experiments may be divided into two general classes, early- 
responding and late-responding. For this reason two typical experiments 
are included. The difference is undoubtedly due to individual variation of 
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the plants involved. Only one set of curves for changes in the longitudinal 
polarity are plotted (fig. 4A) because they represent the characteristic 
changes. The initial polarity is atypically oriented (the apex should be 
positive to 10 millimeters below the apex—W1xks, 13). This reversed ori- 
entation occurs in all but three of the experiments. The explanation is that 
the lower contact was located either apically or basally to the region of 
greatest negativity. 

The immediate effect of stimulation on the longitudinal polarity seenis 
to be an increase in polarity when referred to the usual orientation of the 
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Fic. 4. Electrical and curvature responses to stimulation by 31,200 mes of unilateral 
illumination with contact positions shown by inset. Figure 4A shows changes in the 
longitudinal polarity. Curve L on the lighted side and curve § on the shaded side. 
Figure 4B shows the transverse electrical polarities from the two experiments. Curve 
L-S was obtained by subtracting curve S from curve L in figure 4A. Curve II was 
similarly obtained from another experiment. Figure 4C shows curvature responses in 
the two experiments whose electrical respogises were shown in figure 4 B. 


apex positive to the basal contact region. This is followed by a longer and 
larger decrease in the electrical polarity, and finally there is a gradual in- 
crease. Except for the initial slight increase in polarity the electrical re- 
sponses are similar to those of the corresponding group with less illumina- 
tion (group I). 

Two curves representing the transverse polarity changes are plotted in 
figure 4B. Curve L-S was obtained from figure 4 A, and curve II was de- 
rived from a similar set of curves which are not included. In curve L-S the 
lighted side becomes electropositive to the shaded side soon after illumina- 
tion, while in curve II the lighted side does not become electropositive to the 
shaded side until later in the experiment. 
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The curvatures of the coleoptiles whose electrical responses have just 
been described are shown in figure 4C. Both curves show negative bending, 
but the curvature in curve LS begins earlier than in curve Ila. It seems 
significant that in the experiment represented by curve LS both the curva- 
ture and the transverse electrical polarity changes occur early, while in the 
other experiment both changes occur late. In both cases the change in the 
transverse electrical polarity precedes the beginning of the curvature re- 
sponse. It also should be noted that the bending shown by curve LS stops 
soon after the corresponding transverse electrical polarity returns to zero. 
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Fic. 5. Electrical and curvature responses to stimulation by 31,200 mes of unilateral 
illumination with contact positions shown by inset. Figure 5A shows changes in the 
longitudinal polarity. Curve L on the lighted side and curve S on the shaded side. 
Figure 5 B shows the transverse electrical polarities from two experiments. Curve L-S 
was obtained by subtracting curve S from curve L in figure 5 A. Curve II was similarly 
obtained from another experiment. Figure 5C shows curvature responses in the two 
experiments whose electrical responses were shown in figure 5B 


Group V.—Ten experiments were performed with the contacts placed in 


the same positions as in group II. All showed negative phototropie bending 
by the Judkins method. Two experiments were chosen as typical. One 


gave a very large transverse electrical response and the other a much more 
moderate one, although both responses were qualitatively similar. The longi- 
tudinal polarities of only one experiment were plotted as they were typical. 
The changes in the longitudinal polarity are illustrated by the curves L and 
S in figure5 A. The effect of light was to increase the polarity of the shaded 
side (curve 8S). However, the opposite result is obtained on the lighted side 
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(curve L). In other experiments of this group, the changes in the longitud- 
inal polarity are not quite so large but the general results are similar. 

Two experiments were used to demonstrate changes in the transverse 
electrical polarity. These curves are found in figure 5B. In the experiment 
represented by curve L-S, the lighted side immediately becomes positive to 
the shaded side. It continues to become more positive in surges until the 
end of the experiment. This curve shows a series of three peaks in the po- 
tential difference between the lighted and the shaded side. In curve II, the 
transverse potential is slightly less than zero but constant before stimula- 
tion. After stimulation, it follows practically the same course of events as 
curve L-S with three positive peaks of the lighted side. 
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Fic. 6. Electrical and curvature responses to stimulation by 31,200 mes of unilateral 
illumination with contact positions shown by inset. Figure 6A shows changes in the 
longitudinal polarity. Curve L on the lighted side and curve S on the shaded side. 
Figure 6B shows the transverse electrical polarity which was obtained by subtracting 
curve S from curve L in figure 6A. Figure 6C shows the curvature responses in the 
same experiment. 


Curves LS and IIa in figure 5 C illustrate the curvature responses. For 
reasons previously pointed out, the slight positive movement of the tip is 
not a manifestation of phototropic curvature, especially since it starts be- 
fore stimulation. In every experiment of this group, the time at which the 
lighted side becomes positive to the shaded side is much earlier than the 
beginning of the negative bending. 

Group VI.—This group is composed of ten experiments of which six 
showed negative phototropie bending by the Judkins method. The contacts 
were placed as in group III. Curves representing the change in the longi- 
tudinal polarity are given in figure 6A. The polarity is typically oriented, 
the apex being negative to the base. The immediate effect of stimulation 
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was to inerease the longitudinal polarity on both the lighted and shaded 
sides. The changes on the lighted side are greater in magnitude than those 
on the shaded side. 

Changes in the transverse potential difference are shown in figure 6B. 
The voltage during the control period is slightly above zero, but it is con- 
stant. After stimulation the lighted side immediately becomes positive. 
The polarity then returns to zero and a second positivity of the lighted side 
occurs. It is noticed that the first and the beginning of the second positive 
spike of the lighted side precedes the beginning of the curvature. These re- 
sults are quite typical with one exception. In the exceptional case, both 
curvature and the change in the transverse polarity occur in the last 10 min- 
utes of the experiment. 

rhe curvature response of the typical experiment is given in figure 6 C. 
Negative curvature does not begin until 30 minutes after stimulation. The 


two experiments of this group which showed bending toward instead of away 


from the light are interesting in that in both cases the lighted side definitely 
became electronegative to the shaded side. These electrical responses are 
precisely what one would expect from coleoptiles bending toward the light. 


Discussion 

Unilateral illumination, which causes either positive or negative curva- 
ture, also induces consistent changes in the inherent electrical field of the 
coleoptile of Avena sativa. Regardless of the dosage of light applied or the 
original orientation of the longitudinal polarity, the general tendency is for 
the apex to become more negative to the basal regions (the curves in figure 
2 A and curve L in figure 5 A are exceptions). Uniform illumination with a 
dosage of about one million mes has the opposite effect on the longitudinal 
polarity of the coleoptile (1, 9). This fact, however, does not necessarily 
represent a contradiction because of the large differences in the dosages of 
illumination. 

The changes in the transverse electrical polarity in response to 200 mes 
of unilateral illumination reported in this paper are not the same as were 
found in a previous study (6). Oppenoorth has published results of experi- 
ments that correspond to group III of the present study. His plants were 
unilaterally illuminated with 500 mes of unfiltered mercury light. He used 
gelatin threads for electrical contacts. His data show that the lighted side 
becomes electropositive to the shaded side by about 25 millivolts and that 
this level was maintained for 100 minutes. Since the curvature of the Avena 
coleoptile to a given dosage of light varies from plant to plant, it is impor- 
tant to follow the curvature responses along with the electrical changes. 
Oppenoorth did not make continuous records of the bending process but 
stated that the coleoptiles did show slight curvature, presumably toward the 
light. He indicated that the gelatin contacts were probably too stiff to per- 
mit normal bending. 

The curves in figures 1 B and 3 B, from plants that were allowed to bend 
toward the light without hindrance, indicate that the illuminated side be- 
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comes electronegative to the shaded side. This is in agreement with previ- 
ous results obtained by ScHrank (8), but it is opposite to OPPENOORTH’s 
observation (6). Since it is impossible to reconcile this difference in the 
polarity of the electrical responses on the basis of the available information, 
it must be left to future experimental analysis. 

Unilateral stimulation by 31,200 mes (figs. 4B, 5B and 6B) always 
established a transverse electrical polarity opposite in orientation to that 
induced by 200 mes. The orientation of the transverse electrical polarity 
found in the present experiments is such that the potentially convex side 
becomes electropositive to the opposite side regardless of whether the plant 
bends toward or away from the light. In only one group (fig. 2), the side 
destined to become convex becomes electronegative. The section of the 
coleoptile, which was measured for electrical changes in this group, was 10 
millimeters below the apex. Went and THIMANN (12) and vAN OVERBEEK 
(11) have shown that if lateral transport plays a major role in phototropism 
of coleoptiles, it is most likely to occur in the apical section. Therefore, the 
apical portion of the coleoptile, and not the basal segment, should be con- 
sidered critical in postulating the transverse electrical polarity as the cause 
of lateral transport. 

The orientation of the transverse electrical polarity, which is established 
in the apical region of the coleoptile, is correct to account for the electro- 
phoretic transport of auxin as is postulated by the Went-K6gl theory. 
Though Kocn (5) has demonstrated electrophoretic movement of auxin in 


agar blocks, it still remains to be established whether or not a voltage of this 
magnitude is adequate to achieve the same result in the coleoptile cells. It 
is also apparent that the data herein presented do not exclude the possibility 
that unilateral illumination induces different rates of auxin synthesis on the 
lighted and shaded sides. Thus the electrical polarities could conceivably 
be reflecting changes in metabolism, which in turn lead to differential elon- 
gation rates. 


Summary 

1. Curvature and electrical responses of three Avena coleoptile segments 
to unilateral illumination of 200 and 31,200 mes were observed. 

2. Two hundred mes generally caused the coleoptiles to bend toward the 
light and 31,200 mes, in most cases, caused the plants to bend away from 
the light source. 

3. The usual effect of unilateral illumination on the longitudinal polarity 
was to cause the apical level to become more electronegative to the basal 
region. 

4. In the apical region of plants stimulated by 200 mes of light the 
lighted side became electronegative to the shaded side. In the basal portion 
of coleoptiles, similarly illuminated, the lighted side became electropositive 
to the shaded side. 

5. When the contacts were placed at the apex and at the base, and the 
plant stimulated by 200 mes of light, the lighted side became electronegative 
to the shaded side in the apical contact area. 
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6. In all plants that bent away from the light, when 31,200 mes of light 
were used for stimulation the lighted side became electropositive to the 
shaded side regardless of the position of the contacts. 

7. The transverse electrical polarities in the apical contact area, which 
resulted from unilateral illumination, are correctly oriented to function as 
an electrophoretic mechanism of lateral auxin transport. However, it is also 
conceivable that these electrical polarities are reflecting changes in metab- 
olism, which in turn lead to differential elongation rates and curvature. 

DEPARTMENT OF ZOOLOGY 

Tue University or Texas 
Austin, Texas 
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Introduction 


Chlorophyll-deficient individuals have been reported in most species of 
plants studied intensively by genetic methods. The majority of these chlo- 
rotic types have been shown to be the expression of a single gene mutation. 
However, there is a large group of types that exhibit maternal inheritance, 
and transmission of the deficiency to their offspring is conditioned by the 
cytoplasm. 

Until rather recently most workers have been content to report the 
hereditary nature of the individual deficiencies and their end results without 
attempting to analyze the physiological effects upon the plant. The chief 
hindrance to analytical and quantitative studies of the pigments has been 
the laborious, complicated, and time-consuming methods for their extrae- 
tion, chemical separation, and identification. Comparatively rapid and 
simple techniques are now available for the extraction of chlorophyll from 
plant tissues and the quantitative determination of the chlorophyll com- 
ponents a and b. 


HigHkin (6) working with barley analyzed eight apparently chloro- 
phyll-deficient types (called chlorinas) of known genetic constitution. One 
mutant was entirely lacking in chlorophyll b. Another had a higher total 
chlorophyll content than normal green plants. Two were found to be simi- 


lar to normal green plants in total chlorophyll content and in the ratio of 
chlorophyil a to chlorophyll b. This indicates that a deficiency of pigments 
other than chlorophyll may determine the chlorotic appearance of some of 
these plants. Three others were evidently chlorotic because of low chloro- 
phyll content, and one extremely chlorotic type was completely lacking in 
chlorophyll. 

Various types of chlorophyll-deficient plants are of fairly common occur- 
rence in inbred lines and segregating progenies of muskmelons, Cucumis 
melo L. The writer has studied the genetics of several of these deficiencies. 
The present report discusses the mode of inheritance and the physiological 


effects of the gene controlling one of them. 


Material and methods 


The yellow-green mutant, the subject of this report, was first detected in 
an inbred line derived from a cross between Powdery Mildew Resistant 
Cantaloupe no. 45 and a powdery mildew resistant complex selection. 
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Further experimentation has shown that the yellow-green phenotype is de- 
pendent for its expression upon a single gene. The evidence suggests that 
it originated as a somatic mutation. 

In order to determine the quantitative and qualitative effects of the vel- 
low-green mutant, ether extracts of the chlorophyll of both yellow-green and 
normal green sib plants were obtained for spectroscopic analysis. The ether 
extracts were made by using a combination of the methods suggested by 
Comar (1) and GrirritH and Jerrrey (5). Plants for spectroscopic analy- 
sis were grown in the greenhouse without the use of artificial illumination. 
The samples were taken during February and March; in most cases they 
were from plants approximately six weeks old. For the extraction process, 
the first two or three fully expanded, mature leaves, distal to the runner tip 
were used. 

A sample of leaf tissue weighing 4.5 to 6.5 grams was macerated in a 
Waring Blendor in acetone to which a small amount of calcium carbonate 
had been added. The mixture was then filtered and the cup and paper 
washed with ether to remove all traces of pigments. The filtrate was made 
up to a volume of 500 ml. and a 50 ml. aliquot was pipetted into a separa- 
tory funnel containing ether. The ether solution was washed thoroughly by 
scrubbing with distilled water 15 to 20 times. For washing, it was con- 
venient and rapid to centrifuge the solution after the introduction of water. 
This caused the water layer to settle rapidly, and it could be pipetted off 
and discarded. Finally, the solution was made up to 50 ml. volume with 
ether which had been dried over anhydrous sodium sulphate. 

The absorption spectra of the ether extracts were determined by the use 
of a Beckman spectrophotometer and the chlorophyll a and b contents of 
the solutions were calculated from the equations derived by Comar and 
ZSCHEILE (3, 4). 

Experimental results 

DESCRIPTION OF THE MUTANT.—Yellow-green plants are easily identified 
by their even, light-green or yellow-green color. This color is character- 
istic of all the chlorophyll-bearing areas of the plant including the coty- 
ledons. The yellow-green plants show no marked decrease in vigor or repro- 
ductive capacity as compared with their normal green sibs. In studies of 
leaf tissue sections from yellow-green plants, the chloroplasts appeared to 
be similar to those from normal green plants in number and distribution. 
Apparently plastids of the mutant have less pigment than those of a normal 
green leaf. This difference in quantity probably accounts for the visible 
contrast in color. The analytical data support this idea. 

ORIGIN AND INHERITANCE.—The mechanies of self-pollination in Cucumis 
melo when performed artificially is somewhat different from that of other 
species, e.g., Lycopersicon esculentum Mill. Most varieties of muskmelons 
are andromonoecious, and in selfing, the anthers of the perfect flower are 


seldom if ever used. Usually a staminate flower from the runner tip fur- 
nishes the pollen for the perfect flower. As a rule, perfect flowers and stami- 
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Powdery mildew resistant } Powdery Mildew Resistant 
complex selection Cantaloupe No. 45 


Selfing produces somatic mutation occurred 


wv we , at this point, producing 
4 YY and 4 Yy two kinds of f gametes. 
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| 
35047 35048 35049 35050 36024 36025 36026 36027 
YY Yy YY YY Yy YY YY Yy 
Fic. 1. Pedigree showing the origin and segregation of the yellow-green mutant. 
nate flowers are on different runners. Thus a somatic mutation occurring in 
one runner would not necessarily affect the entire plant. This peculiarity 
of the muskmelon vine provides opportunity for the perpetuation of somatic 
mutations that. might occur independently in different runners of the same 
plant. The yellow-green mutant evidently originated as a somatic muta- 
tion in a single runner of a homozygous green plant (YY). As a result, two 
kinds of male gametes were produced (Y and y). Thus when selfed, indi- 
viduals with the genotype YY (green) and Yy (green) would be expected 
in approximately equal numbers. The same result would have occurred if 
the mutation had acted to produce unlike female gametes. It is suggested 
that the mutation occurred in the somatic tissues of plant no. 34417 (fig. 1). 
The progeny of this plant was normal green. Eight of the plants from this 
progeny were tested, and three segregated normal green and yellow-green 
plants when selfed (table I). Further selfing and progeny tests have sup- 
ported the single gene hypothesis. The diagram (fig. 1) shows the pedigree 
of the yellow-green mutant, and its presumed point of origin. From the 
progeny of no. 35048, tive green and two yellow-green plants were selfed, 
and their progenies were tested. The results except for the two yellow-green 
plants which produced only yellow-green offspring are presented in table IT. 
The progenies of the five normal green plants segregated as expected; the 


TABLE I 





Plant No. ? Total 





35047 ‘ 24 
35048 271 
35049 24 
35050 2 24 
36024 66 
36025 7 7 (seed of poor 
viability 
36026 24 
36027 47 
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TABLE II 
SEGREGATIONS FROM NORMAL GREEN PLANTS OF NO. 35048. 





——————_—_—_ 


Progeny No. Yellow-green 








36041 19 0.17 
36042 32 0.57 
36044 12 0.38 
36045 21 : 0.21 
36046 18 67 0.12 








x" test indicates no significant deviation. The fact that all five plants were 
heterozygous is somewhat disturbing, and there is no obvious explanation 
except that an analysis of a larger population might have produced the 
theoretical number of homozygous green plants. However, consideration of 
all the data clearly suggests that the yellow-green mutant is controlled by 
a single gene. 

TOTAL CHLOROPHYLL.—As shown in table ILI, the mean total chlorophyll 
content of single determinations from six normal green plants was 1.002 
mg./gm. of fresh leaf tissue. The corresponding figure from 10 yellow-green 
sib plants was 0.435 mg./gm. of fresh leaf tissue. In other words, the nor- 
mal green plants contain slightly more than twice as much chlorophyll as 
the mutant on a fresh weight basis. 

Assuming that some of the normal green sib plants would have been 
heterozygous, we determined the total chlorophyll content of two unrelated 
zreen lines of muskmelon. The average value for these determinations was 
0.635 mg./gm. fresh leaf tissue, compared with 0.269 mg./gm. for two of the 
vellow-green plants used as checks. This experiment was performed in 
July. The longer days and high temperatures probably account for the low 
total chlorophyll content, compared with the analyses made in February 
and March. However, the proportionate relation of total chlorophyll con- 
tent between the yellow-green and green plants is approximately the same 
at the different seasons. In February and March the ratio is 1:2.30 and in 
July, 1:2.36. As shown above there was no significant departure in the 
relationship of total chlorophyll content of normal green plants with differ- 
ent genetic backgrounds to that of yellow-green plants. This evidence is 


TABLE III 


SPECTROPHOTOMETRIC DETERMINATIONS OF CHLOROPHYLL CONTENTS OF 
NORMAL GREEN AND YELLOW-GREEN PLANTS IN MILLIGRAMS 
PER GRAM OF FRESH LEAF TISSUE. 


Pheno- No. ‘Total 
type plants chlorophyll 


. Chloro- Chloro- = Ratio 
Chlorophyll a phyll b 


Green 6 1.002 + .06 0.709 + .019 0.293 70.76 2.42 + .048 
Yellow- 


green 10 0.435 + .024 0.331 + .006 0.104 76.09 3.18 + .064 
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interpreted to indicate that the gene responsible for green color is completely 
dominant over yellow-green on the basis of total chlorophyll content. 

CHLOROPHYLL a AND b.—There is definite evidence of a qualitative dif- 
ference in chlorophyll between the normal green and the yellow-green 
phenotypes. From six normal green plants the mean percentage of chloro- 
phyll a was 70.76%, and the ratio a/b was 2.42 (see table III). On the 
other hand, determinations from 10 yellow-green plants yielded a value of 
76.09% chlorophyll a and the ratio a/b equal to 3.18. These results indicate 
a qualitative difference in the chlorophyll content of the two phenotypes. 

In the experiment referred to previously in which the plants were sam- 
pled in July, the chlorophyll a content of the green plants averaged 68.68% 
and a/b ratio was 2.19. Comparable values for yellow-green plants were 
76.35% chlorophyll a, and a/b ratio of 3.23. The values obtained in this 
experiment suggest that chlorophyll quality in the yellow-green mutant is 
not altered materially by long days and relatively high temperatures. 


Discussion 


Observations on the yellow-green mutant through several growing sea- 
sons indicate that in spite of a reduction in total chlorophyll! content and a 
change in the ratio of the chlorophyll components, the gene does not lower 
the vigor or reproductive capacity of the plants. However, leaves of normal 
green plants when analyzed were found to have 10.42% starch on a fresh- 
weight basis, comparable with 5.88% for yellow-green sib plants. These 
values indicate a difference in the starch manufacturing potential of the two 
phenotypes. 

The yellow-green gene is evidently responsible for the change, in two end 
produets, reduction in content of both a and b chlorophyll, with the relative 
reduction slightly greater in the b chlorophyll. The proportional reduc- 
tions, however, are so similar as to suggest the possibility of both being gov- 


erned by a single factor, regardless of whether one or two processes are 
involved. 


Comar et al. (2) reported the chlorophyll a content of two dozen species 
of plants including muskmelon. The mean chlorophyll a content for the 24 
species was 70.52% and ranged from 67.8% for Crimean linden to 73.2% for 
wheat. The determinations of the chlorophyll a content for muskmelon 
vielded a value of 68.4%. It is evident from these studies and the previous 
work of WILLSTATTER and Stoiy (7) that the chlorophyll a content of most 
species of the higher plants is approximately 70%, with some variability 
due to temperature, photoperiod, age of leaf, and nutrition. 


Summary 


A yellow-green mutant in the muskmelon (Cucumis melo L.) has been 
shown to be monogenic. There was strong evidence that it originated as a 
somatic mutation in a single runner of an andromonoecious plant. 

The total chlorophyll content of normal green plants was slightly over 
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twice that of the yellow-green mutant. Furthermore, there was a qualita- 
tive difference in the chlorophyll components of the mutant, when compared 
with normal green plants. Thus the ratio of chlorophyll a to chlorophyll b 
in normal green plants was 2.42, and in the yellow-green mutant 3.18. Ac- 
cording to the spectrophotometric data the percentage of chlorophyll a in 
normal green plants was 70.76 and in the yellow-green mutant 76.09. 

In the heterozygous condition, yellow-green was completely recessive, 
and there was no marked reduction of vigor or reproductive capacity in the 
homozygote. 


The author is indebted to Dr. Arne N. Wick, Scripps Metabolic Clinic, 
La Jolla, California, for assistance in making the extractions and spectro- 
photometric determinations. 
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Introduction 

Various formulations of petroleum fractions in the light lubricating oil 
range provide efficient general insecticides for control of insect pests of 
citrus and have been used for this purpose for many years. The relatively 
low cost and high insecticidal efficiency of these materials make it probable 
that their widespread use in citrus culture will continue for some time. 
Many types of injury to citrus trees have been reported, however, as result- 
ing from such sprays. 


The injurious effects of oil sprays on citrus! trees have been summarized 
in reviews by Epeiine (3) and Rien (12). Conclusive evidence has been 
presented to show that the application of oil sprays to citrus trees results in 
a reduction of the total percentage of soluble solids in the juice of citrus 
fruits. This decrease in the solids content of the juice was first noted by 
Yoruers and McBripe in 1929 (16). Sincwair et al. (14), StorperG and 


ANDERSSEN (15), and BaRTHOLOMEW eft al. (2) have extended the results and 
have shown that, when fruits from oil-sprayed trees and from non-oil- 
sprayed trees are compared, the use of oil spray in the usual commercial 
dosage causes a decrease of as much as 15% in the total soluble solids in 
the juice. 

The relatively large portion of the citrus crop marketed at present in the 
form of a frozen, concentrated juice having a uniform solids content makes 
this lowering of the solids in the juice, resulting from oil sprays, of more 
importance than formerly. Since the primary constituents of the soluble 
solids of citrus juice are sugars and citric acid, the reduction caused by oii 
sprays is probably due to an interference with the net production of photo- 
synthate by the tree, or to a decrease in the translocation of elaborated 
foods from the leaves to the fruit, or to a combination of these factors. 

The present study was undertaken for the purpose of elucidating the 
effect of petroleum oils on photosynthesis and respiration of citrus leaves 
in the hope that knowledge concerning the mechanism of the toxic effect of 
oils would be useful in developing means of overcoming these effects in field 
practice. 

Knicut et al. (8) measured the effect of petroleum oils on the photo- 
synthesis of citrus leaves by painting oil on both surfaces of the leaves of 


1Paper no. 707, University of California Citrus Experiment Station, Riverside, 
California. 
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plants whieh had been starved in darkness for 15 days. Sections were cut 
from these leaves and tested for starch daily. It was found that when an 
oil having a viscosity measurement of 106 seconds was applied, the starch 
content of the treated leaves had not returned to normal at the end of 40 
days. With an oil having a viscosity measurement of 50 seconds, the starch 
returned to normal on the fourth day. These same workers, using a carbon 
dioxide absorption-titration method, found a very marked stimulation of the 
respiration of citrus cuttings as a result of oil painted on the leaves. The 
same oil applied as a spray also stimulated respiration, but not to the same 
degree. The data given indicate that although the plants were illuminated, 
the oil application stimulated respiration so much that it was considerably 
in excess of photosynthesis. 

GREEN and JoHNson (6) found that oils containing less than 84% un- 
sulphonated residue (U.R.) caused an increase in the respiration of bean 
leaves, whereas oils containing more than 84% U.R. brought about a de- 
crease in the rates of respiration. Green (5), working with both poorly re- 
fined oil (84% U.R. or less) and highly refined oil (94% U.R. or more) on 
bean plants, apple leaves and twigs, and barley seedlings, found that there 
was, in general, an increase in the rate of respiration in response to oils sup- 
plied by atomization, but that the increase caused by the low U.R. oils was 
more than three times as much as that caused by the high U.R. oils. There 
was considerable variation within individual samples, however, and in some 
cases respiration was inhibited by high U.R. oil. He also found that small 
amounts of oil produced the same changes in the respiration of barley seed- 
lings as large amounts of oil. 

ScHROEDER (13), using summer spray oils applied to apple leaves, found 
that 1% ofan oil of 80-second viscosity, 85% U.R., reduced carbon dioxide 
absorption 17% one to three days after oil application. The use of 2% of 
the same oil gave a reduction of 38.4% three to four days after application. 
In general, he found that inhibition of photosynthesis increased with higher 
viscosity and greater amount of oil applied. 

HorrMan (7) applied several summer spray oils to apple leaves and 
found that, on the day following an application of a 1% emulsion, photo- 
synthesis was reduced to about 20% of the rate before treatment, and that 


there was a gradual recovery of photosynthetic capacity. Different oils of 


the same type had different effects on photosynthesis. Under the conditions 
of his experiments, respiration occasionally exceeded photosynthesis. 
OBERLE et al. (10) found that, in comparison with the controls, dormant 
spray oils reduced the respiration of treated tissues. These workers also 
found a direct relation between the amount of oil applied and the inhibition 
of respiration. 

Materials and methods 


Plants of Washington Navel orange and of Eureka lemon, two important 
commercial species of citrus grown in California, were used in these experi- 
ments. The plants treated were rooted cuttings 18 months of age and 24 to 
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30 inches in height, growing in a greenhouse at a temperature of 80° F and 
at 50% relative humidity. 

Oil treatments were made in the laboratory. The navel orange cuttings 
were sprayed with a laboratory sprayer operated with compressed air at a 
pressure of 30 pounds per square inch. The lemon cuttings were sprayed 
with a small-seale replica of a field spray rig operating at a pressure of 500 
pounds per square inch. All the plants were given a drenching spray with 
full coverage of both upper and lower surfaces of the leaves. Immediately 
upon completion of the spray applications, the plants were returned to their 
former location in the greenhouse, where they remained throughout the 
experiment. 

Plants of both citrus species were treated with an emulsion containing 
2% of a California medium-grade (4, 9) emulsive-type spray oil. Inspee- 
tion indicated that the oil deposit on the leaves was comparable in amount 
to that obtained under field conditions. In the experiment with navel 
orange three plants were sprayed with the oil mixture, and three similar 
plants were sprayed with water alone, to serve as controls. In the experi- 
ment with lemon six plants were sprayed with the oil mixture, and six simi- 
lar plants were sprayed with water. 

Determinations of photosynthesis and respiration were made with the 
use of a Warburg respirometer having a rectangular tank and modified to 
provide illumination from below the tank by means of a horizontal bank of 
10 thirty-watt fluorescent lamps spaced with one eighth inch clearance be- 
tween the tubes and placed 2.5 inches from the bottom of the flasks. Color 
quality of the light was balanced to more closely approximate sunlight by 
alternating Daylight (blue-white) and Warm-white (pink-white) lamps. 
These lamps provided an illumination of approximately 1300 fe at the bot- 
tom of the flasks. 

The flasks used were of 16 ml. capacity, with two side arms. A’ constant 
carbon dioxide tension of approximately 1.50% was maintained in the system 
by means of diethanolamine-carbonate buffer (11) contained in the well and 
side arms. The flasks were shaken at a rate of 100 cycles per minute. 

For each sampling, three leaves were harvested from the oil-treated and 
three from the control plants. In the experiment with orange plants, one 
leaf from each plant was collected at each sampling date. In the experi- 
ment with lemon plants one leaf was collected from each plant on alternate 
days of sampling. In both experiments, the first samples were collected 24 
hours after the application of the oil spray, and sampling continued period- 
ically until no leaves which had been oil sprayed remained on the plants. 

After harvesting. the leaves were kept with their petioles in a tube of 
water until disk samples had been obtained. These disks were made by 
means of a sharpened cork borer having an inside diameter of 1 em. Six 
disks were taken from each leaf, three from each side of the midrib. These 
disks were distributed six to a flask, so that each of the replicate flasks con- 
tained punches from all the leaves used for the treatment represented. The 
leaf disks were placed in the flask with the upper surfaces next to the bot- 
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tom of the flask, thus preventing obstruction of the stomata which occur 
primarily on the lower surface of citrus leaves (1). Movement of the disks 
during shaking was prevented by moistening the bottom surface of the flask 
with three drops of distilled water. By this means, overlapping of the disks 
and a consequent reduction in illumination was prevented. 

Respiration determinations (O2 uptake) were carried out in darkness 
for a total of one hour. At the end of this time the lights were turned on 
and the manometers were opened. After an equilibration period of 10 min- 
utes, the system was closed, and apparent photosynthesis, as represented by 
the Oz evolved, was measured for one hour. This procedure was followed 
by a second determination of respiration for one hour. Readings were made 
at 10-minute intervals, but the final data are expressed as the means of 
half-hourly readings for all flasks. True photosynthesis was approximated 
by adding the mean of pre-illumination and post-illumination determina- 
tions to the values obtained during the period of illumination. This mean 
of the two respiration determinations is also used as the value for respira- 
tion of the leaf disks. 

Results 

The effect of oil-spray treatment on the true photosynthesis of navel 
orange leaves is shown in figure 1. Here the rate of photosynthesis, in pl. 
O./hour/flask, is expressed as a percentage of that of the control plants. 
The least significant difference at the 5% level is shown by the vertical line 


at each point. On the first day after spray application the photosynthesis 
of the treated plants was slightly though not significantly higher than that 
of the controls. On the second day the rate of photosynthesis of the treated 
plants had decreased to 31% of that of the controls. With some fluctuations 
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Fic. 1. Influence of oil spray on photosynthesis of Washington Navel orange leaves. 
Each point represents the mean of six determinations for the treated plants and is 
expressed as percentage of the mean of six determinations for the control plants, made 
at the same time. Vertical lines represent least significant differences at the 5% level. 
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in the relative rates, the photosynthesis of the oil-treated plants remained 
at a low level for at least 11 days. On the nineteenth day, the leaves had 
begun to recover their photosynthetic abilities. This recovery continued 
until the experiment was terminated at the end of 46 days, when the differ- 
ence between the oxygen evolution of the two sets of plants was only 12%, 
or barely significant. 

The rate of respiration of the same leaf samples (fig. 2) was consistently 
lower in the oil-treated leaves than in the controls from the second day 
until the nineteenth day. The next two samplings did not show statistically 
significant differences. In general, respiration of the leaves seems to be af- 
fected by oil in the same way as photosynthesis, but to a lesser extent. For 
example, it will be noted that the increased photosynthesis on the third day 
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20 
DAYS AFTER OIL APPLICATION 

Fic. 2. Influence of oil spray on respiration of Washington Navel orange leaves. 
Each point represents the mean of six determinations for the treated plants and is 
expressed as percentage of the mean of six determinations for the control plants, made 
at the same time. Vertical lines represent least significant differences at the 5% level. 
is reflected in an increased respiration rate for that day. This same rather 
close relationship between the effects of petroleum oil on photosynthesis and 
on respiration has been noted in other experiments in this laboratory. At 
no time have we found a stimulation of oxygen uptake, as was reported by 
Knicut et al. (8), GREEN and JoHNsoN (6), GREEN (5) and others. 

Oil applied to Eureka lemon plants has an effect on photosynthesis simi- 
lar to that reported for applications to plants of Washington Navel orange. 
The photosynthesis of leaves of oil-treated plants plotted as percentage of 
the rate of that of leaves of control plants is given in figure 3. Comparison 
of these results with those obtained with orange leaves shows that the de- 
pression of photosynthesis by oil was effective more rapidly on lemon leaves, 
since the rate was 41% of the control on the first day after oil application. 
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The lowest point in the time-course of photosynthesis was reached on the 
second day, and on the third day the process had recovered to 68% of the 
control rate. From this point there was a gradual recovery of photosyn- 
thesis; but at the end of 59 days after treatment, the rate was still lower 
than the control, although the difference was not significant. These data. 
together with other similar determinations made on lemon leaves, seem to 
indicate that the effect of oil on photosynthesis in lemon leaves differs from 
its effect on photosynthesis in orange leaves in that there is a more rapid 
initial inhibition of the process in the former. 

The respiration of lemon leaves, plotted in the same manner as the data 
previously given, is shown in figure 4. The effect of oil on this process in 
lemon leaves differs considerably from its effect in orange leaves, the initial 
response being slight, and even this slight effect persisting for only about 10 
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Fic. 3. Influence of oil spray on photosynthesis of Eureka lemon leaves. Each point 
represents the mean of six determinations for the treated plants and is expressed as per- 
centage of the mean of six determinations for the control plants, made at the same time. 


‘ 


Vertical lines represent least significant differences at the 5° level 


days. After 20 days there was a second downward trend which continued 
for approximately 20 days. After 45 days there was no longer any signifi- 
cant difference between the rates for the two groups of plants. This delayed 
inhibition of respiration has also been observed in other experiments with 
lemon leaves, and seems to constitute a real difference in the response of 
lemon and orange leaves to oil sprays. 

A summary of the actual rates of true photosynthesis and respiration oi 
the control leaves of both the Navel orange and Eureka lemon plants is 
given in table I. It can be seen that there was considerable variability in 


the photosynthesis and respiration of the leaves from day to day. Since the 


temperature and relative humidity of the greenhouse were controlled to ap- 
proximately +5%, it is thought that the variation reflects differences in the 
light intensity to which the plants were exposed and differences in the 
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pliysiological age of the leaves selected on any one day. These fluetuations 
in the photosynthesis and respiration of the control plants contribute to the 
variability indicated by the least significant differences in figures 1 to 4. 
However, even though in some cases other factors were partially limiting 
the rates of the two processes, the presence of oil on the leaf caused an even 
greater depression of the rate, indicating that the relative inhibition of 
photosynthesis and respiration due to oil was of considerable magnitude. In 
fact, the inhibition was probably even greater than is indicated by the data 
obtained under the conditions of this experiment, where light intensity dur- 
ing the measurements was almost certainly a partial limiting factor. 
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Fic. 4. Influence of oil spray on respiration of Eureka lemon leaves. Each point 
represents the mean of six determinations for the treated plants and is expressed as per- 
centage of the mean of six determinations for the control plants, made at the same time. 
Vertical lines represent least significant differences at the 5% level 


Discussion 

The data presented here, which are in general agreement with several 
other experiments of the same type, show that petroleum oils of the kind 
used as insecticides on citrus in California cause inhibition of the processes 
of photosynthesis and respiration in citrus leaves. The duration and mag- 
nitude of these inhibitions seem to be affected by species differences as well 
as by a number of environmental factors which are not clearly understood. 
The present experiments, which were carried out under controlled conditions 
in the greenhouse and laboratory, using small rooted cuttings, agree with 
similar determinations made of photosynthesis and respiration of trees 
growing in commercial groves to which petroleum oils have been applied by 
the usual methods. These field experiments, which are to be reported com- 
pletely elsewhere, showed the same trend as was found in the work reported 
here, but differed in that there was more variation between the relative 
rates of control and oil-treated plants at different sampling rates. This 
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TABLE I 


RATES OF TRUE PHOTOSYNTHESIS AND RESPIRATION OF UNTREATED 
NAVEL ORANGE AND EUREKA LEMON LEAVES. 





Navel orange Rercke lemon 








Days Ten xt True 


photosynthesis Respiration photayathesio Respiration 





wl, O,/em.? /hr. wl. 0; /cm.* /hr. “whe O,/cm. 2/he. “pl. O,/em3 /hr. 


61.6 9.6 el 7.7 
62.6 11.3 57.7 8.7 
48.2 12.0 el 
76.5 12.9 
47.0 
ee 59.0 
38.5 
50.0 bi 
58.0 35.8 
7.6 7.0 
21.4 
28.5 


31.2 


COOnNAVS WN 


38.3 
40.3 
46.4 
44.7 
37.9 


33.2 


66.1 
68.2 
29.3 





fluctuation in the relative inhibition of both photosynthesis and respiration 
in the field is thought to be due to differences in environmental conditions. 
In experiments which are now under way, an attempt is being made to cor- 
relate these differences with various environmental factors. 

The mechanism by which oil sprays affect photosynthesis and respiration 
in citrus remains to be determined. On the basis of present evidence, there 
seem to be at least two alternatives. First, there may be a direct interfer- 
ence with both photosynthesis and respiration, possibly due to an altered 
permeability of the plasma and/or other cell membranes to the passage of 
one or more of the gases involved. Second, there may be an indirect effect 
on photosynthesis caused by an accumulation of the end products of the 
process brought about by an inhibition of outward translocation from the 
leaf 

Data collected by the authors on dry weight and carbohydrate content 
of leaves indicate that there is an inhibition of outward transport due to the 
presence of oil. This type of inhibition of photosynthesis would require a 
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direct inhibition of respiration to prevent the stimulation of this process 
which would otherwise be expected from an accumulation of substrate due 
to inhibition of translocation. There are other possible explanations, and it 
seems quite likely that several factors are involved. 

The question of direct respiratory inhibition has been studied by the use 
of disks punched from the albino portions of the leaves of variegated ivy 
which had been sprayed with petroleum oil emulsions. In these experiments 
no effect on respiration was found, but this observation is not conclusive, 
since substrate may have been limiting the process in the chlorotie regions 
of these leaves, and, in addition, the effect of oil on the respiration of this 
plant may be very different from its effect on citrus. 


Summary 

The photosynthesis and respiration of disk samples from leaves of Wash- 
ington Navel orange and Eureka lemon have been studied by the use of a 
Warburg respirometer modified to provide illumination from a bank of 
fluorescent lamps placed below the flasks. 

The application of petroleum oil emulsions in amounts approximating 
those used as insecticides on citrus was found to depress the rate of photo- 
synthesis in leaves of both species. Some inhibition of the process persisted 
as long as determinations were made (59 days). 

A corresponding but smaller decrease in respiration was found in these 
oil-treated leaves. 

The data suggest that at least part of the decrease in percentages of sol- 
uble solids in the juice of the citrus fruits accompanying oil-spray applica- 
tions may be due to inhibition of photosynthesis. 
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Introduction 


A cardinal feature of auxin-induced growth is the absorption of water. 
The inerease in volume accompanying cell elongation is primarily the result 
of the uptake of water. For this reason, it is possible to analyze the mecha- 
nism of auxin action by studying its effect on the movement of water into 
the cell. The auxin-induced water uptake by disks of storage tissue, dis- 
covered by REmnpers in 1938 (10), has been studied by a number of workers 
(2, 4, 5, 6, 9, 11, 12) with a view to furthering our knowledge of how auxin 
acts. 

According to one theory, auxin acts by increasing the amount of osmoti- 
‘ally active substance in the cell. This would result either in an increased 
internal osmotic pressure or, due to the absorption of an equivalent incre- 
ment of water, in its maintenance at a constant level. For this reason, 
demonstration that the osmotic pressure in auxin-treated tissue is not higher 
than in the control tissue would not constitute evidence against this hy- 
pothesis, as was implied by vAN OverBEEK (12). To test this theory of 
auxin action, van Overbeek made cryoscopic measurements of the osmotic 
pressure of sap expressed from disks of potato tissue which had been main- 
tained in water and in auxin (a-naphthaleneacetic acid). He found that the 
expressed sap of auxin-treated tissues had a slightly lower osmotic concen- 
tration than that from the control tissue, and on this basis ruled out the 
possibility that auxin increases water uptake by increasing the amount of 
active solute. This conclusion was supported by similar measurements 
made by Levitt (9). 

However, the magnitude of the differences in osmotic pressure measured 
by these workers was such as to cast some doubt on the validity of their 
conclusions. VAN OVERBEEK (12) found the freezing-point depression of sap 
from auxin-treated tissues to be, on the average, 0.025° C, or about 6%, 
lower than that of the control, while Levirr (9) reported an average differ- 
ence of 0.012° C, or 1.8%. Considering the limitations of the methods em- 
ployed for these measurements, conclusions based on such differences should 
be regarded with skepticism. On the other hand, both of the above workers 
reported relatively small effects of auxin on the water uptake. In van Over- 
beek’s experiments, disks in naphthaleneacetice acid (10 mg./1.) increased in 
fresh weight an average of only 7.5% more than those in water, and Levitt’s 
auxin-effect was considerably smaller. Using different methods, we have 
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been able to obtain a much larger auxin-induced water uptake by potato 
disks, and it was therefore of interest to repeat the osmotic pressure meas- 
urements under these conditions. In the present paper it is shown that 
when the auxin-induced uptake of water is large, there is a correspondingly 
large decrease in the osmotic concentration of the sap. 


Methods 
WATER UPTAKE 

The methods employed for preparing disks of potato tissue (var. Ka- 
tahdin) and for maintaining them aerobically in Petri dishes have already 
been described (7). After washing for 24 hours, the blotted and weighed 
disks were transferred to the experimental apparatus and water or a solution 
(10 mg./l.) of a-naphthaleneacetie acid (NA) was added to the appropriate 
level (disks breaking surface of liquid). After varying periods in a dark 
room at 25° C, the disks were blotted and reweighed. The water uptake 
could then be calculated directly. 

Most of the previous work on potato disks has been done under non- 
sterile conditions. It appears that if the disks are thoroughly washed and 
kept well aerated, little exosmosis of solutes occurs (11) and as a result 
infection is very slight. Although van OverBeek (12) obtained a larger 
auxin-induced water uptake when precautions were taken to provide asepsis, 
his osmotic pressure measurements were made on the sap from non-sterile 
disks. In the experiments reported here, the very large and reproducible 
auxin effects obtained under non-sterile conditions made it unnecessary to 
work aseptically. 

OSMOTIC CONCENTRATION 


After blotting and weighing, the disks were placed in large, dry test- 
tubes, packed in dry ice; they remained frozen overnight. All subsequent 
operations were performed in a 2 to 4° C cold room. The disks were re- 
moved from the tubes, and after they started to thaw (about 15 minutes) 
were placed (in groups of about 30 disks) in a small press-cylinder which 
is equipped with a perforated disk at one end and a piston, composed of a 
solid disk at the end of a long screw, to which pressure was applied by hand 
to the limit of physical ability. Broyer and HoaGLanp (3) showed that a 
screw press, operated by hand, gave essentially the same results as a hy- 
draulic press. Sap expressed from the disks was collected in a centrifuge 
tube, centrifuged briefly, and the supernatant transferred to the inner tube 
of a cryoscope. Three or 4 ec. of sap (from 30 to 50 disks) were used in 
each determination. The jacket tube was immersed in an ice-salt bath, and 
a platinum stirrer and Beckmann thermometer inserted in the inner tube. 
The minimum and maximum (following the initiation of crystallization) 
temperatures were recorded to the nearest 0.01° C. The observed freezing 
point was corrected for undercooling using the data of Harris (8). 
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Results 

The time course of water uptake by disks in water and in naphthalene- 
acetic acid (NA), 10 mg./l., is shown in figure 1. It is clear that the auxin- 
induced water uptake under the new experimental conditions is considerably 
larger than any previously reported effects of auxin on potato tissue. For 
a comparable time period (four days), and with the same auxin (NA), it is 
about four times as large as that reported by van OveRBEEK (12). Indole- 
acetic acid caused much smaller increases in water uptake, although values 
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Fic. 1. The time course of water uptake by potato tissue in water and in naphtha- 
leneacetic acid (10 mg./l.). Each point represents the average of duplicate samples, 
each containing 10 disks. The experiment starts when the disks are put into the appa- 
ratus, after washing for 24 hours. 





with indoleacetic acid were higher than those reported by Levitt (9). This 
large auxin (NA) effect is regularly reproducible although somewhat varia- 
ble; in 15 experiments, the fresh weight increase after six days averaged 
45%, wjth values ranging from 27 to 67%, for disks in NA, and 12% for 
those in water. This effect will be considered in more detail in subsequent 
papers. 

The results of three experiments on the effect of NA (10 mg./l.) on the 
water uptake of potato tissue and on the freezing point depression of the 
expressed sap after four days are given in table I. The experiments began 
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when the disks were placed in the test solutions after washing for 24 hours. 
All the disks for a single experiment were cut from the same tuber. Values 
of fresh weight increase are means based on the weight of 50 to 100 disks. 
Freezing point determinations were made with the sap from 30 to 50 disks 
in each sample and the values of the depression are averages of two deter- 
minations which in no case differed more than 0.02° C. Corrections of the 
observed freezing point depressions for undereooling were never more than 
0.02° C, and only corrected values are given. The amount of water ab- 
sorbed by potato tissue varies somewhat from one tuber to the next, as can 
be seen in these results; however, the variation here is not very large. Simi- 
larly, there is a real though not great variation in the freezing point depres- 
sions. It must be noted that these variations are in the same direction. 


TABLE I 


THE EFFECT OF AUXIN ON THE WATER UPTAKE BY POTATO TISSUE AND ON THE 
FREEZING POINT DEPRESSION OF THE EXPRESSED SAP. 





Freezing point depression Per cent. increase in 
C 


Experiment fresh weight 





Water NA Difference Water NA Difference 





Sample 1 0.54 0.41 
Sample 2 0.49 , 


Average 0.52 0.41 


11.6 35.9 +24.3 





Sample 1 0.56 0.36 
Sample 2 0.56 0.41 
Sample 3 ms 0.41 


Average 0.56 0.39 





Sample 1 0.57 0.43 
Sample 2 owes 0.43 37.8 + 28.8 


Average 0.57 0.43 —0.14 





Average —0.14 +28.8 





From the data, it is clear that the osmotic pressure of sap expressed from 
disks kept for four days in NA is markedly lower than that from disks kept 
in water. The average freezing point depression difference of —0.14° C 
represents a decrease in osmotic pressure of 25% below the level of the 
control. It must be concluded that, while increasing the water uptake, 
auxin definitely lowers the osmotic pressure of the cell sap of potato tissue. 


Discussion 


The above conclusion means that the stimulation of water absorption by 
auxin cannot be due entirely to the formation of extra osmotically active 
solutes in the cell solution. In fact, if we reexamine the data of table I 
quantitatively, there is little or no net increase in osmotic content, as is 
shown in table IT, in which the data have been expressed as per cent. of the 
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controls. The effects of auxin on fresh weight and on the freezing point 
depression are almost exactly equal. This could only be true if the amount 
of solute in the cell sap remained constant. The NA-induced lowering of 
the osmotic pressure appears as a result of the increase in volume, It is true 
that this conclusion is based on the results of only three experiments; never- 
theless, the values cited are in striking agreement. 

There are indications in the literature that auxin increases the rate of 
starch hydrolysis in various tissues. If this be the case in potato tubers, 
then the above conclusion would suggest that the additional sugars may be 
metabolized at a correspondingly greater rate. Direct measurements show- 
ing that NA does increase the respiration will be reported elsewhere. The 
increased starch hydrolysis caused by aeration (1) occurs, of course, in both 
controls and auxin-treated sections. 


TABLE Il 


THE DIFFERENCES BETWEEN SECTIONS IN WATER AND IN AUXIN 
SOLUTION EXPRESSED AS PER CENT. OF CONTROL. 





Difference in freezing point 
depression as per cent. 
of final depression of 
control 


Difference in fresh weight as 
per cent. of final weight 
of control 





21.8 21.2 
31.0 30.4 
26.4 24.6 





We may conclude that the auxin-induced water uptake by potato tissue 
and probably the more general effects of auxin on growth must be, at least 
in large part, the result of an influence either on the wall pressure or on 
an active, non-osmotic movement of water. This confirms the conclusion 
reached earlier by vAN OVERBEEK (12). 

Summary 

Although previous workers have reported that auxin lowers the osmotic 
concentration of the cell sap of potato tuber tissue, these effects have been 
rather small. Under new experimental conditions, a very large auxin-in- 
duced water uptake by potato disks has been obtained. Correspondingly, 
it has been shown that the auxin causes a large and elear decrease in the 
osmotic concentration (determined cryoscopically) of the expressed sap. 
This decrease can be accounted for by the increase in volume. It is con- 
cluded that auxin-induced water uptake, or growth, cannot be primarily 
the result of the formation of additional osmotically active substances in 
the cell. 


The author wishes to thank Prof. Kenneth V. Thimann for suggesting 
this problem and for valuable assistance in the preparation of the manu- 
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Introduction 

Among theories proposed to explain the action of plant growth-regulators 
is one which focuses attention on the altered permeability of cell membranes 
caused by the adsorption of growth-controlling compound to this phase 
boundary. This theory, proposed by VeLpsrra (11), is based in part on a 
polarographic investigation in which the effects of the compounds on the 
oxygen maximum were used as a measure of the adsorbability of the com- 
pounds and therefore of their physiological activity. Subsequently (12), 
the concept was modified to allow for a chemical reaction between growth 
regulator and cellular constituents; and the results achieved at the surface 
of the mercury drop according to this hypothesis must then be considered 
as indicative of chemical reactivity as well as adsorption. 

The possibility that an examination of substances with respect to their 
effect on the oxygen maximum might indicate a relative measure of their 
adsorbability or surface activity was first propounded by Heyrovsky and 
detailed by Rascu (5). According to this theory, the oxygen maximum is 
the result of the adsorption of oxygen to the surface of the mercury drop, 
and any reduction in this maximum (at the same potential) is due to the 
preferential adsorption of some other substance which replaces oxygen at 
the mercury surface. 

Another explanation of the maximum involves the electrokinetic stirring 
in the mercury drop and the electrolyte solution (7) which brings reducible 
ions to the mercury surface more rapidly than diffusion alone would. At 
the maximum potential the density of indifferent cations in the electrical 
doubie layer restricts the movement of reducible ions to that of diffusion, 
whereupon the current drops to the diffusion current. Surface active sub- 
stances depress the maximum, according to this theory, by lowering the 
surface tension of the mercury and the subsequent cessation of the stirring 
effect. According to KoLtrHorr and LInGANE (2) neither one of the theories 
adequately accounts for all characteristics of the maximum but the com- 
plete explanation probably will include aspects of both. 

The number of compounds reported on by Veldstra was few, and the 
growth tests with which the results were compared were the rooting of cut- 
tings and the curvature of split stems of peas. It was thought that a more 
comprehensive investigation of the effects on the oxygen maximum of com- 
pounds effecting cell elongation together with several compounds known to 
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be inactive in this respect would throw more light on the relationship be- 
tween surface activity and physiological activity. 


Materials and methods 


Following the procedures of VELpsTrRaA (11) as closely as possible, a solu- 
tion of the growth regulator was made up with conductivity water (as were 
all solutions used in this work) in a concentration usually of 1 x 10° mole 
per liter. This solution was added in aliquots of 0.01 ml. each to the electro- 
lyte solution which consisted of 10 ml. of a mixture of 5 ml. of methyl aleo- 
hol with 45 ml. of 0.01 NV potassium chloride, the resulting solution of growth 
regulator being 1 x 10° mole per liter. In several cases the oxygen maxi- 
mum was either too greatly or too slightly suppressed by the concentration 
employed; and when possible, either a more dilute or a more concentrated 
solution was used. Additions of some compounds therefore produced incre- 
ments in molar concentrations of 0.1 « 10°, 5 x 10°, or 1 « 10° mole instead 
of 1x6 mole. The number of aliquots added to the test solution was 
limited to about 10 to prevent dilution effects in the determination. The 
control in all cases was run on the electrolyte solution without the growth 
regulator. Since the slightest bit of extraneous material exerts a consider- 
able influence on the height of the oxygen maximum, all glassware was acid 
washed with sulphuric acid and potassium dichromate and care was taken 
to see that none of the cleansing solution was left to interfere with the 
determination. 

Introduction of the growth regulator into the solution causes a lowering 
of the height of the maximum, and the amount of growth regulator that will 
depress the height to one half of its value in the original electrolyte solution 
is designated as the half-suppression value (H.S.V.) for that compound. 
The H.S.V. is always expressed in micromoles per liter. As an example, the 
determination of the H.S.V. for the compound, p-methoxyphenoxyacetic 
acid, is shown in figure 1. The first curve of the polarogram is the control 
which is obtained for the electrolyte solution free of growth regulator. The 
height of the maximum is the distance AD. The distance AB indicates the 
amount of suppression achieved with one addition of the solution of the 
growth regulator producing a molar concentration of 1 x 10°. The distance 
BC indicates the suppression caused by another addition. Since the dis- 
tance AC is one half the distance AD, the concentration of the solution after 
the second addition of the growth regulator is 2 x 10° mole per liter and 
the H.S.V. is 2. 

A high-speed, photographic recording Polarograph (Sargent Model XIT) 


was employed in these investigations. The electrolysis vessels used have 
the Sargent number, S-29305. The span electromotive force was 4 volts, but 


the range of voltage change used was from 0 to 0.8 volt since the oxygen 
maximum occurs at approximately 0.4 volt. The shunt ratio (which con- 
trols the sensitivity) was 50, and the temperature was maintained at 25+ 
0.05° C by means of a thermostatically controlled water bath. The drop 
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time for the capillary electrode used in Veldstra’s investigations was one 
half second per drop which is rather fast. In fact, KotrHorr and LINGANE 
(2) in their work on diffusion currents have found that a drop time of from 
three to six seconds per drop will, in general, give the most reproducible re- 
sults. Varasova (10), and Rayman (6) found that a quickly dropping mer- 
cury electrode (one half second per drop) is less sensitive to additions of 
adsorbable substances than a more slowly dropping one. With a fast drop 
time more of the test solution must be added to the electrolysis vessel before 
a half suppression value is obtained. Moreover, in the present work, it was 
found that a drop time of 7.2 seconds per drop increased the maximum and 
therefore this slower drop time was used. The results with this drop time 
were entirely reproducible. 











dial Neat ta 


Fic. 1. The determination of the half-suppression value for p-methoxyphenoxy- 
acetic acid. See text for explanation. 


Most of the compounds which were tested had been prepared and their 
purity ascertained by Dr. Corwin Hansch of the Department of Chemistry 
of Pomona College, Claremont, California. Other compounds, obtained 
from Eastman Kodak Company, were purified by successive recrystalliza- 
tions and checked for melting points by Dr. Hansch. 

The physiological activity of the compounds which is compared with 
their surface activity in this investigation is determined by their effect on 
the elongation of portions of Avena coleoptiles relative to the effeet of in- 
doleacetic acid (1, 3, 4). 


Experimental results and discussion 


VetpsTrRA has suggested (12) that the molecule of a growth regulator 
which has maximal activity has both a physico-chemical and a spatial rela- 
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tionship between the polar and non-polar parts of the molecule. Thus the 
molecule has a lipophilic part in balance with the hydrophilic carboxyl 
group, and substitutions in either portion of the molecule will bring about 
changes in the hydrophilic-lipophilic balance which will in turn influence 
the physiological activity of the substance. As an example, the addition of 
a chlorine atom in the para position of phenoxyacetic acid makes the sub- 
stance more lipophilic, and its physiological activity also increases; but if 
three chlorine atoms are added to the phenoxyacetic acid in positions 2, 4 
and 6, the compound is made too lipophilic, the balance is destroyed, and its 
physiological activity decreases. 

In this concept the effects of the growth regulator at the surface of sep- 
aration of mercury and water and the boundary surface in the living cell 
depend on the hydrophilic-lipophilie balance in the molecule. The action of 
the growth regulator is further divided into two steps. The first reaction 
involves the adsorption of the growth regulator to a cell membrane, and the 
second takes place in the protoplasm of the cell and involves a combination 
of the growth regulator with one or more cellular constituents. In the first 
reaction, varying degrees of adsorption are postulated. Adsorption which 
is too strong throws off the physiological balance between the cell and its 
environment; and if the adsorption is too slight, the conditions necessary for 
greater growth will not be realized. 

If adsorption is necessary for and proportional to the action of a growth 
regulator, and relative surface activity or adsorption can be measured, it 
should be possible to determine the balance between lipophilic and hydro- 
philic parts of a molecule and in this way predict the growth activity of 
substances as yet untested. On the other hand, if suppression values are 
obtained which are out of proportion to the physiological activity of sub- 
stances, or if compounds are found to be active in the growth test but 
inactive in suppressing oxygen maxima, the hypothesis should be considered 
invalid. 

A comparison of half-suppression values reported (11, 12) for several 
compounds and the values obtained in this investigation together with the 
physiological activity of the compounds in the pea test as reported by 
THIMANN (8, 9) and their activity in the Avena section test at 10° M con- 
centration is presented in table I. The lack of agreement of the half-sup- 
pression values as determined with those reported by Veldstra is attributed 


to differences in technique which may be of several types. It may be noted 


that Veldstra reported the half-suppression value for naphthaleneacetic acid 
as 9 in 1944 and 5 in 1949, whereas the value found in this investigation 
was 0.4. 

Veldstra’s hypothesis would appear to be borne out if the relative physi- 
ological activities of the compounds in the pea test and his half-suppression 
values are compared. Such an examination would seem to indicate that a 
certain hydrophilic-lipophilie balance between the parts of the molecule 
characterizes the most active growth regulator and that compounds ap- 
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TABLE I 


A COMPARISON OF HALF-SUPPRESSION VALUES FOR VARIOUS COMPOUNDS 
AND THEIR PHYSIOLOGICAL ACTIVITY AS SHOWN BY THE PEA 
TEST ae THE AVENA SECTION TEST. 


Relative physiological ; HelSauppessnton 


activity values 
Compound 





Pea test Avena section Reported — 
(8,9) test (10M) = (4, 12), "°™" 

Indoleacetic acid 100 100 11 0.65 
Phenylacetic acid 0 50 1100 
Phenoxyacetic acid ca. 0 130 
o-Chlorophenoxyacetic acid 4 - 17 
m-Chlorophenoxyacetic acid = es 
p-Chlorophenoxyacetic acid 200 14 
2,4-Dichlorophenoxyacetic acid 1000-1200 7 
2,4,5-Trichlorophenoxyacetic acid 500 
2,4,6-Trichlorophenoxyacetic acid 0.4 








proaching this optimal balance show increased activity, and in general, a 
lower half-suppression value. Those molecules such as o-chlorophenoxy- 
acetic acid, phenoxyacetic acid and phenylacetie acid with more hydrophilic 
portions are reported as inactive in the pea test as is 2,4,6-trichlorophenoxy- 
acetic acid which has a more lipophilic portion. However, if the physiologi- 


cal activity in the Avena section test is examined, it is apparent that phen- 
vlacetie acid is quite active although it has a very high half-suppression 
value and is rather hydrophilic in nature, while p-chlorophenoxyacetic acid 
with a lower half-suppression value and a more lipophilic character is less 
active. 


It is also evident from table I that 2,4,5-trichlorophenoxyacetic acid, with 
a surface activity similar to that of 2,4,6-trichlorophenoxyacetiec acid, dis- 
plays high physiological activity. Although the surface activity is not 
greatly altered by shifting the chlorine atom from the 5 position to the 6 
position, the physiological activity is completely nullified. In the com- 
pounds listed in table I, there is no correlation between the degree of physi- 


TABLE II 


HALF-SUPPRESSION VALUES AND PHYSIOLOGICAL ACTIVITIES OF 
SEVERAL DERIVATIVES OF PHENOXYACETIC ACID. 





Phystetagical ‘Sdlbeneaiin 


Compound activity value 





o-Methy! phenoxyacetic acid Active 
p-Methylphenoxyacetic acid Active 
3,5-Dimethylphenoxyacetic acid Active 
2,4,6-Trimethylphenoxyacetic acid Inactive 
2,4-Dibromophenoxyacetic acid Highly active 
2,6-Dibromophenoxyacetic acid Inactive 
2,4,6-Tribromophenoxyacetic acid Inactive 


Sr ovens 
-ouwoouwo 
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TABLE III 


HALF-SUPPRESSION VALUES AND PHYSIOLOGICAL ACTIVITIES 
OF DERIVATIVES OF BENZOIC ACID. 











Compound Physiologic Half-suppression 
activity 

o-Hy droxybenzoic acid Inactive 

o-Aminobenzoic acid Inactive 

o-Chlorobenzoic acid Active 

m-Chlorobenzoic acid Inactive 

2,4-Dichlorobenzoic acid Inactive 

2,6-Dichlorobenzoic acid Active over 20.0 








ological activity in the Avena section test and the half-suppression values 
determined in this investigation. 

A further divergence between the expected results and those obtained for 
the other phenoxyacetic acid derivatives is shown in table II. The physio- 
logical activity of the first three methyl-substituted phenoxyacetic acids in 
the Avena section test is fairly uniform yet 3,5-dimethylphenoxyacetie acid 
exhibits much more suppressive action on the oxygen maximum than the 
other two compounds. Although 2,4,6-trimethylphenoxyacetic acid has a 


half-suppression value which is intermediate, it has no physiological activity. 


The bromine derivatives display relatively uniform half-suppression values 
although 2,4-dibromophenoxyacetic acid is highly active, while 2,6-dibromo- 
phenoxyacetic acid and 2,4,6-tribromophenoxyacetic acid are inactive. 

The half-suppression values and physiological activities of benzoic acid 
derivativés are given in table III. The surface activities of these com- 
pounds show large variations, yet those with the greatest suppressive action 
are completely inactive in the Avena section test and the compounds bring- 
ing about elongation have very little suppressive action. Moreover, ortho- 
chlorobenzoie acid has almost no surface action and yet effects the elonga- 
tion of Avena coleotile sections. As can be seen in figure 2, the additions 
of 2,6-dichlorobenzoic acid have practically no effect on the oxygen maxi- 
mum. The additions were made in 0.01 ml. aliquots of a solution with a 
molar concentration of 5 x 10° which resulted in increments of 5 x 10-* mole 
per liter with each addition. The compound is sparingly soluble in water, 


TABLE IV 
HALF-SUPPRESSION VALUES AND PHYSIOLOGICAL ACTIVITIES OF 





Physiologic al . 
Compound activity oe naaee 
(10°75 M) vaiue 





Indoleacetic acid 100 
4-Chloroindoleacetic acid 80 
2-Methylindoleacetic acid 45 
4,7-Dichloro-2-methylindoleacetic 0 
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and an examination of the effects of a more concentrated solution on the 
maximum was not possible using the general procedure employed for the 
other compounds. 

In table IV the half-suppression values and physiological activities of 
indoleacetic acid and several derivatives are compared. In this group of 
compounds the surface activity was found to be remarkably uniform with 
half-suppression values ranging from 0.3 to 0.65 while the activity in the 
Avena section test varies greatly. One of the derivatives, 4,7-dichloro-2- 
methylindoleacetic acid, is inactive at 10° M while 2-methylindoleacetic 
acid has approximately half the activity of 4-chloroindoleacetie acid which 
in turn is nearly equal to that of indoleacetic acid although its half-sup- 
pression value is only half that of indoleacetic acid. 


2,6-DICHLOROBENZOIC 
CONTROL ACID 


| 
| 


| 


aera 


Fic. 2. Polarogram of the oxygen maximum in the control electrolyte solution 


without growth regulator and the oxygen maxima obtained following additions of one, 
two, three, and four 0.01 ml. aliquots of 5x 10-* M 2,6-dichlorobenzoic acid. 


Although the half-suppression values do not indicate the growth activi- 
ties of the various compounds, it is still possible that they measure the ad- 
sorption of the compounds at a boundary surface which Veldstra proposes 
as the first step in the action of the growth regulators. If such an adsorp- 
tion is involved in the growth reaction, the chemical reactivity determined 
by molecular structure must be more important than the hydrophilic-lipo- 
philic balance of the growth-regulating molecule. 


Summary 
The suppressive effect of plant growth-regulators upon the polarographic 
oxygen maximum has been used as a measure of the activity of these sub- 
stances at a phase boundary. This suppressive effect has been determined 
for 25 compounds including substances which promote the straight growth 
of Avena coleoptile sections and substances which are inactive in this re- 
spect. There is no correlation of surface activity measured in this way with 








292 PLANT PHYSIOLOGY 


physiological activity. In contradiction of the hypothesis that a pronounced 
effect in suppression of the oxygen maximum is a characteristic of plant 
growth-regulators, 2,6-dichlorobenzoic acid exerts little if any suppressive 
effect upon the oxygen maximum, yet has considerable physiological activity. 

It is concluded that chemical reactivity is more important than adsorb- 
ability for the manifestation of growth-regulating properties by organic 
compounds. 

DEPARTMENT OF Botany 

Strate University or lowa 
Iowa Crry, Iowa 
LITERATURE CITED 

Hanscu, C. and Muir, R. M. The ortho effect in plant growth-regu- 
lators. Plant Physiol. 25: 389-393. 1950. 

Kottuorr, I. M. and Lincane, J. J. Polarography. Interscience Pub- 
lishers Co. 1941. 

Muir, R. M. and Hanscnu, C. H. Relationship of structure and plant- 
growth activity of substituted benzoic and phenoxyacetie acids. 
Plant Physiol. 26: 369-374. 1951. 

Muir, R. M., Hanscu, C. H., and Gatiup, A. H. Growth regulation 
by organic compounds. Plant Physiol. 24: 359-366. 1949. 

Rascu, J. Polarographic studies with the dropping mereury cathode. 
Part IV. Influence of fatty acids on the maxima of the current due 
to atmospheric oxygen. Coll. Czech. Chem. Commun. 1: 560-570. 
1929: 

RayMAN, B. Polarographie studies with the dropping mercury cathode. 
Part XIX. The effect of some organic dyes on the maxima of cur- 
rent due to electro-reduction of oxygen. Coll. Czech. Chem. Com- 
mun. 3: 314-327. 1931. 

STACKELBERG, M. V. Die wissenschaftlichen Grundlagen der Polarog- 
raphie. Ztschr. Elektrochem. 45: 466-491. 1939. 

THIMANN, K. V. Personal communication. October 19, 1949. 

THIMANN, K. V. The synthetic auxins: Relation between structure and 
activity. In: Plant Growth Substances. F. Skoog, Ed., pp. 21-36. 
University of Wisconsin Press, Madison, 1951. 

Varasova, E. Polarographic studies with the dropping mercury cathode. 
Part VIII. Maxima of current due to electro-reduction of oxygen 
in solutions of strong electrolytes. Coll. Czech. Chem. Commun. 
2: 8-30. 1930. 

VeLpstra, H. Researches on plant growth substances. V. Relation 
between chemical structure and physiological activity II. Enzym- 
ologia 11: 137-163. 1944. 

Ve.pstra, H. and Boos, H. L. Researches on plant growth regulators. 
XVII. Structure and activity. On the mechanism of the action 
III. Biochim. Biophys. Acta. 3: 278-312. 1949. 











METABOLISM OF 2,4-DICHLOROPHENOXYACETIC ACID. 
I. C40, PRODUCTION BY BEAN PLANTS TREATED 
WITH LABELED 2,4-DICHLOROPHENOXY- 
ACETIC ACIDS 


RopertT L. WeEINTRAUB, JAMES W. Brown, 
MELVIN FIeLps AND JOHN ROHAN 


(WITH FOUR FIGURES) 
Received November 5, 1951 


Although the morphological and physiological responses of plants to 2,4- 
dichlorophenoxyacetic acid (2,4-D) have been extensively studied, virtually 
nothing is known concerning the chemical reactions of this substance in vivo 
particularly as related to its biological effects. Evidence has been obtained 
by two different methods that a substantial proportion of the 2,4-D applied 
to a bean seedling can be recovered therefrom in apparently unchanged 
form (3, 7), but the possibility must be recognized that the recovered 
growth-regulator may represent only the excess beyond the amount that 
actually contributes to the reactions resulting in the observed developmental 
responses. 

As the initial phase of a study of the transformations of C'*-labeled 
2,4-D in higher plants, attention was directed to the production of radio- 
active carbon dioxide since such information would be required in the even- 
tual formulation of a C' balance sheet and might also be expected to con- 
tribute to understanding of the pathway of metabolism. The present paper 
describes the results of these experiments. Subsequent reports will deal 
with other metabolic products. 


Experimental procedure 


The compounds used were 2,4-dichlorophenoxyacetic acid-1-C™, 2,4-di- 
chlorophenoxyacetie acid-2-C', and 2,4-dichlorophenoxy-1-C'-acetie acid 
(hereafter abbreviated as 2,4-D-1-C™, 2,4-D-2-C™, and 2,4-D-R-C") with 
specific activities of approximately 1, 0.5, and 0.02 me./mmole, respectively. 


ce -C°00H 0-C"l, -COOH On, - 


Cc Cc CS 
net ‘yo ne ‘oot Hc” ‘got 


| 
HC. _CH HC. _CH HC. CH 
XZ No% YZ 
C1 Cl Cl 


2,4-D-1-cC** 2, 4-D-2-c** 2,4-D-R-C** 
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The melting points, distribution on paper chromatograms, and physiological 
activities, as determined by bioassay (1), were identical with those of ordi- 
nary 2,4-D. 

A modification of the gas counting system of JANNEY and Moyer (4) 
was used for measurement of activities. A stainless steel ionization cham- 
ber was found preferable to the brass chamber employed in the original in- 
strument because of its apparent freedom from memory effects. Measure- 
ments were made at one atmosphere COz pressure, 10 millimoles of gas 
being required to fill the chamber. With small samples, ordinary CO, was 
added to bring the total pressure to this value. Of a large number of ex- 
periments only those results in which the measured activities were at least 
four times the background values are reported here. 

The general experimental procedure consisted of applying labeled 2,4-D 
to young bean plants (Phaseolus vulgaris var. Black Valentine) or parts 
thereof, collecting the evolved CQ, in alkali, liberating CO, from an aliquot 
of the carbonate, and determining its radioactivity. The 2,4-D was applied 
by placing on the plant a 0.005 ml. drop of a solution of the desired concen- 
tration in 95% ethanol containing 1% Tween-20. During the period of col- 
lection of COs, the roots, or basal portions of the stems in the case of de- 
rooted plants, were immersed in a 0.01 M NaH.PO, solution in order to 
minimize retention of COs. 


Results 


Since one of the objectives of these experiments was to obtain informa- 
tion which would be applicable to plants treated under greenhouse condi- 
tions, those conditions were simulated as closely as practicable. It was de- 
sired also to employ the smallest analytically feasible dosages of 2,4-D in 
view of the very great sensitivity of beans to this compound (1). The seed- 
lings were cultured in the greenhouse to a stage just prior to unfolding of 
the first trifoliolate leaf from the bud. The roots were carefully washed 
free of soil and placed in NaH,PQ, solution. The 2,4-D was applied to the 
terminal buds and the plants were placed in a 28-liter glass jar which was 
sealed with a sheet of glass provided with inlet and exit tubes. The plants 
were illuminated from above by a bank of Daylight fluorescent lamps giving 
900 fe at the primary leaves. Air from the jar was dispersed into fine 
bubbles by a fritted glass disk and passed first through an absorbing tower 
containing alkali and then through a barium hydroxide solution to verify 
completeness of absorption of CO,. The entire apparatus was constructed 
in duplicate so that two sets of plants could be utilized concurrently. 

The time course of CO. production from the side-chain is shown in 
figure 1. During the first 24-hour period a much greater fraction of the 
carboxyl carbon than of the methylene carbon is converted into CO. Sub- 
sequently, the rate of evolution from carboxy! diminishes while that from 
methylene increases. The total production of C'O. from the methylene 
carbon during the first few days after treatment is considerably less than 
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1234 1234 
DAYS AFTER APPLICATION 
Fic. 1. Time course of C“O: production by entire bean plants from side-chain- 


labeled 2,4-D. Dose, 1.5 ug. per plant, applied on terminal bud; light intensity, 900 fc; 
photoperiod, 14 hours; and ventilation rate, 14 liters per hour (Expt. 1098). 


% OF APPLIED c'4 RECOVERED AS cl4o0, 


that from the carboxyl carbon. Data from seven additional experiments 
are presented in table I, from which it is seen that the fraction of the ap- 
plied activity recoverable as CO, is not greatly influenced by conditions of 
illumination or by a sevenfold increase in dose. Experiment 818 was car- 
ried out in continuous darkness and experiment 979 in continuous light. 
Experiments 913, 930, and 857 were carried out under a photoperiod of 12 
hours with normal air supplied during the light period and CO:-free air 
during the dark period. Experiment 1097 was performed with normal air 
and a photoperiod of 14 hours. For the eight experiments the average per- 


TABLE I 


PRODUCTION OF C*O, FROM LABELED 2,4-D APPLIED TO TERMINAL 
BUDS OF INTACT BEAN PLANTS. 





Per cent. of applied 
2.4-D lied Collecti activity recovered mmoles phn, “erp y 
m a pay ge as CO, from per plant from 





2,4-D-1-C** 2,4-D-2-C'* 2,4-D-1-C™ 2,4-D-2-C¥ 





mumoles days 


6.8 0.34 0.048 
6.8 46 .095 
6.8 36 -068 
6.8 42 -075 
6.8 49 15 
45.3 2.04 1.31 
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TABLE II 


PRODUCTION OF C**0, FROM LABELED 2,4-D APPLIED TO PRIMARY 
LEAVES OF INTACT BEAN PLANTS. 








Per cent. of applied Cia pe eS 
2,4-D applied activity recovered mumoles of CO, pro- 


l as CO, from duced per plant from 
per plant 





2,4-D-1-C™* 2,4-D-2-C 2,4-D-1-C** 2,4-D-2-C** 
——<_—__- ..: 

1096 10 45. 4.4 2. 2.0 

1082 100 = 453. 2.9 13.0 





centage of the applied activity recovered as CO. per day was 1.5 from 
2,4-D-1-C'* and 0.4 from 2,4-D-2-C". 

In order to ascertain whether a similar result would be obtained with 
still larger doses, recourse was had to leaf applications inasmuch as the 
sensitivity of the plant to leaf treatment is considerably lower than to bud 
application (1). A drop of 2,4-D solution was placed upon each of the pri- 
mary leaves of the plant; otherwise the procedure was as already described. 
The data presented in table II were obtained with a collection period of 
three days at a ventilation rate of 14 liters of normal air per hour and a 
light intensity of 900 fe. Experiment 1096 was conducted with a photo- 
period of 14 hours and 1082 with a photoperiod of 10 hours. The results of 
experiment-1096 (table II) and experiment 1097 (table I) indicate that, for 
a 10 pg. dose of 2,4-D, the same fraction is converted to CO. whether appli- 


TABLE Ill 


PRODUCTION OF C**O, FROM LABELED 2,4-D APPLIED TO PRIMARY LEAVES 
OF BEAN PLANTS IN UNVENTILATED CONTAINERS. 





Per cent. of applied mumoles C**0O, evolved 


; . tivity recovered per plant per day 
2,4-D applied Collection a: 
per plant period es CO; fr from 





2,4-D-1-C** 2,4-D-2-C** 2,4-D-1-C™ 2,4-D-2-C* 








1g. mumoles days 


§19* 0.3 1.4 
588 t is) 2.3 
519* 0 4.5 
579** 0 4.5 
0 
0 


0.012 
-024 
-034 
022 
+082 
«154 


519° 0 13.6 
374* 0 22.6 
534* 0 22.6 
588 ¢ 0 22.6 
498* 10.0 45.3 
579** 10.0 45.3 


124 
.369 
.180 


SCUYUNNDALOHLNS 








*Continuous darkness. 
**14-hr. photoperiod; intensity = 800 fc. 
tl4-hr. photoperiod; intensity = 800 fc, derooted plants. 
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cation is made to the leaf or to the bud; with a 100 pg. dose, a somewhat 
smaller fraction appears as CO». 

In table III are listed results from several other trials conducted in un- 
ventilated desiccators or bell jars in which large surfaces of the absorbing 
alkali were exposed. Under these conditions of possible oxygen deficiency, 
the rate of conversion of 2,4-D to COs appears to be appreciably smaller 
than in the ventilated cultures. During the collection periods of two to five 
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DAYS AFTER APPLICATION 
Fic. 2. Time course of C“Os production by bean explants from side-chain-labeled 
24-D. Dose, 1.5 ug. per plant, applied on terminal bud; light intensity, 900 fc; ventila- 
tion rate, 14 liters per hour. 


days, the rate of conversion of the carboxyl was, in these tests also, about 
three times as great as that from the methylene carbon. 

Owing to the large amount of C!*Oz2 produced by intact bean plants rela- 
tive to the amount of CO. derived from 2,4-D and to the consequent low 
specific activity of the total CO2, the smallest doses which it was feasible to 
employ were larger than those required to elicit a marked morphological re- 
sponse. In order to study smaller doses, use was made of explants, consist- 
ing of 5 to 10 cm. of the stem bearing the terminal bud and cotyledons but 
lacking roots and primary leaves. The buds of such explants when treated 
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with 2,4-D developed leaves exhibiting the characteristic formative mal- 
formations (1); but much less CO, was evolved per explant than from intact 
plants, and many more could be accommodated in the respiration chambers. 

The time course of C'O, production in two experiments with such ma- 
terial is shown in figure 2. As with the entire plants, the rate of CO, pro- 
duction from the carboxy! carbon tends to diminish during the first few days 
while that from the methylene carbon increases. Long term experiments 
with explants have the difficulty that treatment with 2,4-D aggravates the 
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Fic. 3. Time course of C"“O, production by bean ¢ xpl ints from 2,.4-D-1-C™. Dose, 
0.04 ug. per plant, applied on terminal bud; light intensity, 900 fe; photoperiod, 14 hours 
(Expt. 652). 


susceptibility to attack by microdérganisms so that growth of molds on the 
tissue is frequently apparent after five or six days at high humidities. The 
rising rate of CO, evolution during the latter part of the experiment is 
probably related to this circumstance as is indicated by the experiment il- 
lustrated in figure 3. Treated explants were enclosed with alkali for a day, 
after which the containers were left open for a two day period, the alkali 
having been removed and the radioactivity measured. The explants were 
then enclosed with fresh alkali for a second period, and the alternation of 
opening and closing was repeated twice more, four fresh portions of absorb- 


TABLE IV 


RELATION BETWEEN DOSE OF 2,4-D-1-C** AND AMOUNT OF C*4O, 
PRODUCED BY BEAN EXPLANTS. 





C¥O, production 
6peten ee! 





experiments 


per explant averaged mumoles/explant/day 


Per cent. of applied dose 
recovered/day 





Lg. mumoles 


0.04 0.18 2.95 
10 45 1.57 
. l 5 68 1 62 
20 91 0.93 

l A. 6.8 1 06 

2.0 9.1 0.74 

4.6 20.8 0.60 








WEINTRAUB ET AL.: METABOLISM OF DICHLOROPHENOXYACETIC ACID 299 


ing solution being used in all. In this fashion it was possible to maintain 
the explants reasonably free of mold for 13 days and in large measure to 
prevent the increase in rate of CO, production. The total recovery of 
C™ following application of 0.15 pg. carboxyl-labeled 2,4-D per bud was 
10.4% and, as the time of actual collection amounted to only 47% of the 
total duration of the experiment, it may be estimated that approximately 
22% of the applied C'* escaped from the plants as COs. 

With increasing doses of 2,4-D, the total amount of C'O, evolved also 
increases but the fraction converted to COs tends to diminish. Table IV 
summarizes the results of 20 experiments with explants using collection pe- 
riods of two to four days. These data are plotted in figure 4, together with 
the dose-response curve for repression of leaf expansion (1). 
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Fic. 4. Formative activity (leaf repression) and COs production from 2,4-D-1-C™ 
as functions of applied dose of 2,4-D. 

Owing to the relatively low specific activity of the available ring-labeled 
2,4-D, it was necessary to employ much higher doses of this substance com- 
pared with the chain-labeled compounds. In a series of experiments with 
doses up to 200 yg. applied to leaves or buds of entire plants or to explants, 
no radioactivity was found in the evolved CO, during collection periods of 
two to six days, whence it may be concluded that less than 0.2% of ring 
carbon atom 1 was tiberated as COs. 


Discussion 


During the course of these experiments, two reports of the formation of 
COs from 2,4-D have appeared. The first, by Hotury et al. (3), states that 
radioactive COz is produced by plants treated with 2,4-D-1-C™ but pro- 
vides no data. The second, by Fane et al. (2), describes a single experi- 
ment in which bean plants treated with 100 pg. 2,4-D-2-C' (50 ug. on each 
primary leaf) evolved in three days an amount of CQO, corresponding to 
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17.5% of the applied C'*. So far as can be judged, this experiment was very 
closely similar to our Expt. 1082 (table II) in which only 1.2% of the ap- 
plied C' was liberated as COz. While this discrepancy may be due to some 
unrecognized diversity in plant material or environmental conditions, a 
difference in analytical methods also may be responsible. The technique 
employed by Fang et al. was not described in detail, and no information was 
given concerning the ratio of net counting rate to background so that it is 
difficult to assess their activity data which were obtained by extrapolation to 
an infinitely thin sample, a method involving considerable uncertainty (5). 

Whether the production of CO, from 2,4-D is related to the physiologi- 
cal action of the growth regulator cannot be ascertained from the present 
results. It is suggestive, however, that the fraction converted to COz is 
relatively independent of the amount of applied 2,4-D in the range of supra- 
maximal doses but tends to rise rather sharply in the range of submaximal 
doses, figure 4. On the other hand, the data in tables Il and III demon- 
strate a decomposition of 2,4-D applied to nearly mature leaves although 
these organs do not themselves manifest morphological responses and, in the 
experiments carried out in darkness, would be expected to export very little 
of the growth regulator to the meristematic cells (6). 


Summary 


Radioactive carbon dioxide is produced by plants which have been 


treated with 2,4-dichlorophenoxyacetic acids containing C'* in either the 
carboxy! or the methylene positions. The evolution of CO, continues at 
a relatively low rate during a period of several days. The initial rate of pro- 
duction from carboxyl-labeled 2,4-D is several times that from methylene- 
labeled 2,4-D. No carbon dioxide is evolved from the ring carbon at posi- 
tion 1. 


The authors wish to acknowledge the technical assistance of Katharine 
. Bletzer, Jean Estey, Jean C. Nickerson and Katharine N. Taylor. 
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FRENCHING SYMPTOMS PRODUCED IN NICOTIANA TABACUM 
AND NICOTIANA RUSTICA WITH OPTICAL ISOMERS 
OF ISOLEUCINE AND LEUCINE AND WITH 
BACILLUS CEREUS TOXIN 
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It has been suggested by the writer that the stages leading to abnormal 
growth in frenching of field tobacco may be as follows: bacterial soil toxin 
-» receptor — isoleucine — frenching. The chemical composition of the 
bacterial soil toxin is unknown as yet. However, natural leucine as well as 
isoleucine was found to be capable of producing these growth abnormalities 
in Nicotiana rustica. Natural isoleucine can produce the symptoms of 
frenching in tobacco (1, 3) and in N. rustica (5). The natural isomer of 
leucine is also effective with N. rustica (5). The actions of other optical 
isomers of isoleucine and leucine are unknown. 

Frenching of tobacco in the laboratory has been produced with a com- 
mon soil microérganism, Bacillus cereus Fr. and Fr. (2, 4). Though this 
bacillus is not known to invade the tissues of the tobacco plant, rhizosphere 
and rhizoplane counts increase by 65 and 200%, respectively, when french- 
ing occurs in the field (6). Diffusates of B. cereus in aseptic culture appear 
to be capable of exercising a similar action (4). The absence of free amino 
acids in soil and the marked increase of free isoleucine in affected leaves led 
to the assumption that the bacterial toxin and isoleucine were probably not 
identical (7). No free amino acids could be detected in soil by the Van 
Slyke method for determining free amino acids which is sensitive to 0.01% 
or 100 p.p.m., the approximate concentration at which isoleucine would have 
to be present to be effective. 

Data in this paper cover the frenching responses of tobacco treated with 
optically active isomers of isoleucine, leucine, and two dipeptides of leucine. 
The effects of various impure preparations of bacterial toxin from B. cereus 
were also studied. 

Methods 


The tests upon seedlings of the action of organic compounds and of bac- 
terial toxin were made necessarily in aseptic culture. The methods used 
have been published in previous papers (1, 2). Briefly, they consisted in 
growing tobacco seedlings in aseptic culture on mineral agar from sterilized 
seed. Either 200 mi. or 1000 ml. flasks were used. A light intensity of 
about 500 foot-candles was furnished by white fluorescent lamps. Usually, 
the experiments with N. tabacum were carried out in 200 ml. flasks at 25° 
C, and those with N. rustica in 1000 ml. flasks at room temperature. The 
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former were grown for four to six weeks, the latter, two to three months. 
All tests were in duplicate. 

Two tobacco varieties were used in these experiments. One was Mary- 
land Medium Broadleaf, the other was Havana 142, a Wisconsin cigar to- 
bacco. The N. rustica variety was Mahorka 1 originating in Siberia (5). 

p-Leucine, L-alloisoleucine, and p-alloisoleucine, were obtained through 
the courtesy of Dr. Jesse P. Greenstein of the U. S. Public Health Service; 
and y-aminobutyriec acid from Dr. F. C. Steward of Cornell University. 
The other amino acids were commercial preparations. 


Results 
OPTICAL ISOMERS 


The data for N. rustica in table I were obtained with one liter flasks at 
room temperatures for a growth period of several months. It will be noted 
that only the natural isomers of isoleucine and leucine belonging to the 
l-family caused the seedlings to french. Leucine appeared to be more effec- 
tive than isoleucine. Far more effective thanjeither of these was L-alloiso- 


TABLE I 


EFFECTS OF THE OPTICAL ISOMERS OF ISOLEUCINE AND LEUCINE ON GROWTH 
OF N, rustica (MAHORKA 1). 





At budding At Gowering Symptoms 
Compound a SEES of 
Days Leaves Days Leaves Bracts toxicity 








Cm. 


None tie ; . . é Normal 
L(+)-Isoleucine sass eee eats see oss Chlorotic, 
narrow leaves 
Strap leaves 
aioe ha a ante kaa Strap leaves 
D-)-Isoleucine le * \ 5. Normal 
a R Small 
DL-Isoleucine A i Chlorotic, 
narrow leaves 
seve W cove ae eve Strap leaves 
L¢-)-Leucine 3 f J . 3. Chlorotic, 
narrow leaves 
Strap leaves 
ly Strap leaves 
D(+}-Leucine wove vece : YS ges _ Interveinal 
chlorosis 
Marginal 
chlorosis 
Marginal 
chlorosis 
Strap leaves 
Strap leaves 
Strap leaves 
Normal 
Normal 
Normal 
Normal 
Normal 


* 


L-Alloisoleucine 


*? 


D-Alloisoleucine 
L-Leucylglycine 
Glycyl-L-Leucine 
‘Aminobutyric acid 


Annusosoo 


~ — 
Cor nwanwarr 





~~ *Height at harvest. 


saosin sail. essere Micha Ri a eR aINRSI ot 


Seales 
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TABLE II 


EFFECTS AT 200 P.P.M. OF OPTICAL ISOMERS OF ISOLEUCINE AND LEUCINE ON 
GROWTH OF MARYLAND MEDIUM BROADLEAF TOBACCO. 





Symptoms of toxicity 
Compound 





Time in days Description 





None eoee Normal 

L-Alloisoleucine First leaf formed was strapped 

D-Alloisoleucine sees Normal 

D-Leucine Retarded; pale; small round leaves, long 
petioles 

L-Leucine oseq Normal 

L-Isoleucine Strap leaves 

D-Isoleucine ces Normal 





leucine. p-Leucine, p-isoleucine, and p-alloisoleucine did not cause frenching 
responses to appear. Coupling of L-leucine with glycine to form a dipeptide 
destroyed its frenching properties. The tests with y-aminobutyric acid are 
included because its action on growth of N. rustica seedlings had not been 
studied previously. 

The action of the optical isomers of isoleucine and leucine on growth of 
Maryland Medium Broadleaf tobacco is illustrated in table II. Only L-iso- 
leucine and L-alloisoleucine were effective in causing frenching symptoms. 
L-Alloisoleucine was more effective in causing growth abnormalities than 
was L-isoleucine. A growth period of four weeks at 25° C, was used in this 
experiment. The flasks were of 200 ml. capacity. 

Frenching of tobacco ordinarily starts with a reticular chlorosis of the 
unexpanded upper leaves, and an inhibition in elongation of the main axis. 
If severe enough, the new leaves that develop are strapped, 1.e., consist al- 
most entirely of midribs. A notation of strap-leaves indicates usually that 
the reticular chlorosis stage had occurred also. Where strap-leaves were 
formed after a very brief interval, the reticular chlorosis stage may be by- 
passed. The action of L-alloisoleucine in table II at 200 p.p.m. took place 
in such a manner. 

A comparison of the relative effectiveness of isoleucine and alloisoleucine 
was made at 25° C with Maryland tobacco seedlings. Flasks of 200 ml. 


TABLE III 


RELATIVE EFFECTIVENESS OF L-ISOLEUCINE AND L-ALLOISOLEUCINE 
IN CAUSING THE FORMATION OF FRENCHING SYMPTOMS IN 
MARYLAND MEDIUM BROADLEAF TOBACCO. 





Reticular 


chlorosis Narrow leaf Strap-leaves 


Compound 








Days p-p.m. Days p-p-m. Days p-p.m. 





L-Isoleucine 16 8 16 16 22 40 
L-Alloisoleucine 19 2 12 8 
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capacity were used. It is evident on examination of table III that whether 
comparison is made at the reticular chlorosis stage, at formation of narrow 
leaves, or at strap-leaves, the results are the same. L-Alloisoleucine was 
about four times more effective than L-isoleucine in causing the formation 
of symptoms of frenching in tobacco seedlings. 

Figure 1 illustrates the relative effectiveness of these two isomers at the 
16 p.p.m. level. The seedlings were 41 days old. Addition of L-alloisoleu- 


Fic. 1. Maryland Medium Broadleaf seedlings 41 days old Seedling at left treated 
with L-alloisoleucine and that on right with L-isoleucine. Both amino acids were used 
at the 16 p.p.m. level. 


cine resulted in greatly decreased growth of seedling which showed four 
strap-leaves. The seedling treated with L-isoleucine at 16 p.p.m. was much 
larger, and its leaves were perceptibly narrow but not strapped. 


B. cereus TOXIN 


Table IV is a repetition and extension of trials previously reported (4) 
for Maryland tobacco seedlings. With none of the methods of inoculation 
of the agar was there any evidence of bacterial spread. Bacterial growth 
was localized at the point of inoculation. The cup type of inoculation refers 
to the use of small sintered-glass Pyrex crucibles capable of retaining bac- 
teria. Only the medium inside the crucible was inoculated. Nevertheless, 
the products of diffusion from the bacteria caused frenching. Transfers of 
the agar medium at a distance from the point of inoculation to Bactopep- 
tone broth did not show the presence of viable bacteria. The experiments 
were carried out at 25° C for four weeks using 200 ml. flasks. Havana 142 
is more sensitive to the action of isoleucine than is Maryland Medium 
Broadleaf tobacco. 
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TABLE IV 


EFFECT OF TYPE OF AGAR INOCULATION (B. cereus) ON THE PRODUCTION 
OF FRENCHING SYMPTOMS IN ASEPTICALLY CULTURED 
TOBACCO SE 


Maryland Medium Broadleaf Havana 142 sii 





Inoculation Initial chlorosis Initial iti ; Initial 
strapping Initial chlorosis strapping 


Days Leafno. Days Leafno. Days Leaf no. Days 





Leaf no. 





Control caus ws ane te Sak ace 
Stab 9 15 12 16 
Smear 10 20 12 16 
Cup 13 sid 12 he 28 





The data of table V were obtained with Havana 142 tobacco grown in 
200 ml. flasks at room temperatures. The results given in the table under 
B. cereus viable are much the same as those presented in table IV under Ha- 
vana 142. At the end of these tests, the cultures were heated to 100° C, and 
the seedlings and cups removed. They were then resterilized at 120° C, and 
fresh sterile seedlings inserted into the agar. The results obtained on the 
second planting are indicated under the columns headed B. cereus dead. 
Frenching had occurred in the presence of the dead bacteria and its heated 
diffusion products. Bacteriological tests for the presence of living bacteria 
in the resterilized cultures were negative with Bactopeptone broth. 

The action of a sterilized B. cereus culture on growth of tobacco is illus- 
trated in figure 2. Chlorosis and extreme strapping of the leaves are evi- 
dent. The appearance of the seedling is quite characteristic of frenching. 


Discussion 
The morphological abnormalities characteristic of frenching are: (a) the 
cessation of stem and branch growth, flowering also being inhibited or pre- 
vented; (b) reticular chlorosis of incompletely developed top leaves in the 
early stages of the disease; and (c) non-expansion of leaf lamina, 7.e., strap- 


TABLE V 


EFFECT OF HEAT ON THE CAPACITY OF B, cereus CULTURES TO CAUSE 
FRENCHING SYMPTOMS IN HAVANA 142 TOBACCO. 





B. cereus viable B. cereus dead 





Inoculation Initial chlorosis Strap leaves Initial chlorosis Strap leaves 








Days Leafno. Days Leafno. Days Leafno. Days Leaf no. 








: z 
7 ‘3 
6 2 
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ping of immature leaves. These three hormone-like effects were limited to 
L-isomers of alloisoleucine, isoleucine, and leucine. Substitution in the 
amino or carboxyl groups of L-leucine destroyed its frenching activity. It 
is possible, therefore, that neither leucine nor isoleucine exercises a direct 
action in causing frenching symptoms, since leucine is ineffective with to- 
bacco and more effective than L-isoleucine with N. rustica. Both possibly 
represent intermediate stages in causation of this response. 

Whether L-alloisoleucine enters into these reactions is unknown. It is 
not known to occur naturally. Were it not for this, the simplest explanation 
with the facts on hand would be that L-alloisoleucine is the bacterial toxin 
causing frenching. Its effective minimal range for chlorosis and strapping 


Fic. 2. Maryland Mediui> Broadleaf seedling grown in a heat-sterilized culture of 
B. cereus for 49 days and showing symptoms of frenching. 


in agar cultures is 2 to 8 p.p.m. or less. In water culture, it should prove 5 
to 10 times more effective, if it performs similarly to isoleucine. No definite 
conclusion can be reached, however, until the chemical structure of the bac- 
terial toxin becomes known. 


Summary 


Nicotiana tabacum (Maryland Medium Broadleaf and Havana 142) 
and N. rustica (Mahorka 1) were grown aseptically on mineral agar under 
about 500 fe of white fluorescent light. Addition of either L-isoleucine or 
L-alloisoleucine produced symptoms of frenching in both species. ~L-Leucine 
was also effective with N. rustica. Relative effectiveness on tobacco was 
alloisoleucine > isoleucine; on \. rustica, alloisoleucine > leucine > iso- 
leucine. t-Alloisoleucine was four times more effective (minimal range 2 to 
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8 p.p.m.) than L-isoleucine with tobacco. p-Isoleucine, p-leucine, and p-al- 
loisoleucine did not cause frenching symptoms. Neither did glycyl-.-leu- 
cine nor L-leucyl-glycine. A heat stable toxin from Bacillus cereus Fr. and 
Fr. also caused production of frenching symptoms in tobacco. 
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Introduction 


The practice of applying substances to cuttings before planting them has 
been confined largely, in recent years, to the use of certain synthetic com- 
pounds valuable for their property of initiating root growth. The discovery 
of indoleacetic acid in plants, a compound capable of laboratory synthesis, 
initiated numerous investigations with regard to its use as an agent for pro- 
moting rooting in cuttings. In 1935, Cooper (2) found this substance to 
stimulate greatly the formation of roots on cuttings of various species. 
Many synthetic growth substances have since been found to aid the rooting 
of cuttings (10), but the two most commonly used now are indolebutyric 
and naphthaleneacetic acids. 

The four commercial varieties of figs produced in California (Adriatic, 
Calimyrna, Kadota, and Mission) are all readily propagated from cuttings 
taken during the dormant season. In the literature dealing directly with the 
use of growth regulators in fig propagation, very little sound information is 
available, probably due to the fact that little or no difficulty is ever experi- 
enced in propagating figs by cuttings. Although the treatment of fig cut- 
tings with hormones has been shown to be somewhat beneficial (2, 4, 9), no 
experiments which deal with the effect of hormone concentration on root 
initiation and subsequent development of top and roots have been reported. 
This investigation was undertaken, therefore, to determine the relative rate 
and degree of root and top regeneration on cuttings of four varieties of figs 
as well as their response to various concentrations of indolebutyric acid. 


Materials and methods 


On December 21, 1949, approximately 100 branches of uniform diameter 
of each variety, consisting of one-, two, and three-year old wood, were col- 
lected from commercial Adriatic, Calimyrna, Kadota, and Mission orchards 
in Merced County, California. Although the orchards from which the ma- 
terial was collected differed in age, all trees were estimated to be between 20 
and 30 years of age. From the most uniform 80 branches of those collected 
of each variety, cuttings were made which consisted of one-year old wood 
with its terminal bud and sufficient two-year old wood to make each cutting 
eight inches in length. One- and two-year old wood averaged five and three 
inches in length respectively. Just previous to placing the cuttings in the 
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indolebutyric acid (IBA) solutions, fresh cuts were made through their 
basal nodes. As soon as the basal cuts were made, 20 cuttings of each vari- 
ety were placed in gallon cans containing a water solution of 100, 150 and 
200 p.p.m. of IBA. Enough of the hormone solution was contained in each 
can to immerse the basal inch of the cuttings. Untreated control cuttings 
were placed in cans containing a similar quantity of water only. All cut- 
tings were allowed to remain in these solutions for a period of 22 hours. 

IBA was used in this investigation because the general consensus of 
opinion is that this compound is the best one for stimulating root initiation. 
It appears to be more effective than indoleacetic acid for a large number of 
species and, in addition, has a wider range of effectiveness without causing 
injury to cuttings than naphthaleneacetie acid. Each cutting was labeled 
according to variety and the hormone treatment that it received. The cut- 
tings were placed in a propagating bed in the greenhouse on December 25, 
having been held in moist sawdust from the time they were prepared until 
they were placed in the hormone solutions. Each cutting was planted so 
that its terminal bud was just above the surface of the rooting medium. 
The propagating bed was filled to a depth of 12 inches with a mixture of 
three parts by volume of sand to one part of peat moss. Bottom heat was 
provided by electric resistance cables and a temperature of 70 degrees F was 
maintained. The propagating bed was divided into 20 equal portions or 
blocks, and in each block a single cutting of each of the 16 treatments was 
planted at random. Five blocks of cuttings were removed at random from 
the propagating bed on January 30, 1950, approximately one month after 
planting, and five blocks were subsequently removed on February 18, March 
11, and April 7. Upon removal the roots were carefully washed free of sand 
and peat moss, and the five cuttings of each respective treatment were 
grouped. 

On each sampling date, data were collected with regard to root distribu- 
tion on the cuttings; condition of the underground portion as regards swell- 
ing, bark splitting, or other injury; number, fresh weight, and total linear 
length of roots per cutting; fresh weight of top and the apparent injury, if 
any. The degree of injury as a result of IBA treatment was classified as 
minor injury, which consisted of swelling, bark splitting, and a sparsity of 
roots on the basal-most portions of the cuttings, moderate injury, charac- 
terized by the absence of roots due to their deterioration on the basal por- 
tions of the cuttings, and severe injury, in which deterioration of the roots 
and their supporting tissues had taken place on the basal portions of the 
cuttings. 

The untreated controls were used in determining the relative rate and 
degree of root and top regeneration in the different varieties of cuttings. In 
ranking the varieties in respect to rate and degree of regeneration, each of 
the four measurements made on the material (number of roots, fresh weight 
of roots, length of roots, and fresh weight of top) were taken into consider- 
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ation and given equal value. Since the data for fresh weight and length of 
roots showed the same trends as the data on number of roots, only the lat- 
ter, together with data on fresh weight of tops, are presented here. 


Results 


The data presented graphically in figure 1 indicate the relative degree of 
root and top regeneration on cuttings of the four varieties. The average 
number of roots and the weight of top of the Adriatic cuttings were at least 
twice the values for any other variety. The number of roots and the weight 
of top of Calimyrna cuttings were less than one half of the values for Mis- 
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Fic. 1. Average number of roots and weight of top for all samplings of untreated 
control cuttings. 


sion cuttings and from one third to one eighth of the values for Adriatic 
cuttings. The Kadota and Mission varieties were about equal in regard to 
degree of root and top regeneration; but considering weight and length of 
roots, the Kadota was somewhat better than the Mission. 

The cuttings of the Adriatic variety initiated roots and tops considerably 
more rapidly than did those of the other varieties. On the first date of 
sampling, the Adriatic cutting had about three times as many roots as did 
any of the others. The Calimyrna variety was the slowest in the rate of 
regeneration; most of the roots and tops were made during the interval be- 
tween the third and last samplings. The Kadota and Mission varieties oc- 
cupied similar intermediate positions as regards rate of regeneration. Based 
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upon the whole of the control data, the Adriatic had the greatest rate and 
degree of root and top regeneration followed in decreasing order by the Ka- 
dota, Mission, and Calimyrna varieties. 

An examination of figures 2, 3, 4, and 5 shows that treatment with IBA 
of cuttings of all varieties. except the Calimyrna resulted in injury in vary- 
ing degree. Cuttings of the Calimyrna variety exhibited no symptoms of 
injury at any of the concentrations of IBA used. 

Injury, which increased in severity with increase in IBA concentration, 
was manifest in the early stages by a swelling and splitting of the bark on 
the basal portion of the cuttings. Although numerous roots were produced 
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Fic. 2. Effect of IBA concentration on the average number of roots and fresh 
weight of top per Adriatic cutting sampled on February 18 and April 7. Cuttings 
treated with 200 p.p.m. of IBA were dead when sampled on April 7. 
at this location, they gradually deteriorated along with the stem tissue from 
which they were initiated. In only one case, that of Adriatic cuttings 
treated with 200 p.p.m. of IBA, was injury so severe as to cause death of the 
cuttings. Injury appeared earliest and was most severe in the Adriatic cut- 
tings and occurred in decreasing order in the cuttings of Kadota, Mission, 
and Calimyrna varieties. It would seem significant that the order in which 
the varieties are listed with respect to the degree of injury as a result of ap- 
plication of identical concentrations of IBA is exactly the same as the order 
of listing of the untreated control cuttings with regard to the rate and de- 
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gree of root and top regeneration. It is evident that the greater the natural 
potentialities a variety of cutting has for regeneration, the greater is the 
degree of injury accompanying the application of a root-promoting sub- 
stance such as IBA. The difference in root distribution between the cuttings 
treated with IBA and control cuttings was quite striking. In contrast to the 
control cuttings where most of the roots were initiated at or near the basal 
cut, roots on the treated cuttings were scattered at random over the lower 
four to five inches (fig. 6). 
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Fic. 3. Effect of IBA concentration on the average number of roots and fresh 
weight of top per Kadota cutting sampled on February 18 and April 7. 


From the standpoint of the percentage of cuttings that survived or those 
that produced new plants, there was no advantage whatsoever in treating 
the four varieties with IBA. At last sampling, all control cuttings had 
rooted and produced tops. Application of IBA was advantageous in the 
case of the Calimyrna variety only in the rate and degree of root and top 
regeneration and not in the percentage of survival. Because of the injurious 
effects accompanying the use of IBA on all varieties of cuttings except the 
Calimyrna, the results of this investigation may be summarized with the 
generalized statement that the application of IBA increases the rate and 
degree of root and top regeneration in the Calimyrna variety only. A more 
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detailed examination and interpretation of the data, however, indicates an 
interesting relationship between the response of the four varieties of cuttings 
to IBA treatment and their potentialities for root and top regeneration. 
Data on the average number of roots and weight of top per cutting for 
only the second and last sampling dates are presented graphically in order 
that this relationship might be illustrated more clearly. Some cuttings had 
failed to root on January 30, the first sampling date, and significant com- 
parisons, therefore, could not be made. Some of the cuttings particularly 
those of the Adriatic variety, on March 11, the third sampling date, were 
moderately injured as a result of IBA treatment, and some of the roots had 
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Fic. 4. Effect of IBA concentration on the average number of 


roots and fresh 
weight of top per Mission cutting sampled on February 18 and Apri! 7. 


deteriorated and separated from the cuttings when they were removed. 
Since no injury was apparent on any of the cuttings on the second date of 
sampling, February 18, the data obtained on this date show the maximum 
rooting response obtained in each case as a result of IBA treatment. Data 
obtained at the last sampling are presented along with those of the second 
to show what took place during the interim. 

At the second sampling, February 18, the data in figures 2, 3, 4, and 5 
indicate that all varieties of cuttings, compared with their respective con- 
trols, were stimulated either in number of roots or weight of top or both by 
the application of a particular concentration of IBA. The most striking re- 
sponse was obtained with Adriatic cuttings that had been treated with 100 
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p.p.m. of IBA (fig. 2). The treated cutting had almost eight times as many 
roots as the control cutting. Inhibition to top growth progressively in- 
creased, however, as the concentration of IBA increased until at 200 p.p.m. 
of IBA, top growth was about one fifth that of the controls. When sampled 
on April 7, cuttings previously treated with 200 p.p.m. of IBA were dead 
while those treated with 100 or 150 p.p.m. were severely injured. Top 
growth on the treated cuttings was one fourth to one fifth as much as on 
control cuttings. 

Kadota cuttings at second sampling were found to have been stimulated, 
as far as root production is concerned, by concentrations of 100 and 150 


FEBRUARY 16 
—fEamuany @ me, 


NUMBER OF ROOTS ! 
O Weight oF Top 


N @ 


S 


> 
NUMBER OF ROOTS 


WEIGHT OF TOP IN GRAMS 
ua 
a. 2 


r=) 


ZY 
y 
Z 
Z 
Z 
Z 
Y, 
Z 
Z 
y 
j 
y 
y 
y 
Y 
j 
y 
Z 
Y 
j 
y 
ZY 
Y 

















200 PPM PSA SMM SSS SS 
cs} 


Fic. 5. Effect of IBA concentration on the average number of roots and fresh 

weight of top per Calimyrna cutting sampled on February 18 and April 7. 
p.p.m. of IBA (fig. 3). Top growth, however, at these concentrations, was 
less or only equal to that on the control cuttings. Root production on cut- 
tings treated with 200 p.p.m. of IBA was about equal to that on the controls 
and top growth was inhibited. At last sampling, all treated cuttings were 
severely injured (fig. 3). The amount of root and top growth per cutting 
was found to be inversely related to the concentration of IBA. 

The response of Mission cuttings to IBA treatment was similar to that 
of Kadota cuttings except that injury was somewhat less. At last sampling, 
although the number of roots per cutting in the majority of the IBA treat- 
ments was greater than on the controls, top growth was greatly inhibited 
(fig. 4). Injury, as a result of hormone treatment, varied from moderate at 
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the 100 and 150 p.p.m. levels to severe at the 200 p.p.m. concentration. In 
contrast to the effects on cuttings of Adriatic, Kadota and Mission varieties, 
data in figure 5 clearly indicate that with a progressive increase in concen- 
tration of IBA there was a progressive increase in average number of roots 
on Calimyrna cuttings. Although the concentration of IBA which will in- 
duce maximum rooting in Calimyrna cuttings without injury has not been 
determined in this experiment, the data indicate that cuttings of the type 


Fic. 6. Untreated Adriatic cuttings (left) and those treated with 200 p.p.m. of IBA 
(right). Second sampling, February 18, 1950. 
described here treated with IBA at concentrations of 100 p.p.m. to 200 
p.p.m. may be expected to regenerate roots and tops more rapidly and to a 
greater extent than untreated cuttings. 


Discussion 
Cuttings taken from closely related varieties of Hibiscus have different 
capacities for initiation of roots (5). Since White hibiscus cuttings rooted 
readily only when auxin was applied in the presence of cofactors supplied 
by the leaves on the cuttings, Grecory and vAN OveRBEEK (5) suggested 
that cuttings of the White variety are difficult to root because they are de- 
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ficient both in auxin and cofactors supplied by the leaves. The cofactors 
were later identified to be carbohydrate and nitrogenous substances (8). 
Since there was a great increase in number of roots produced per fig cutting 
as a result of IBA application, it is evident that carbohydrate and nitrog- 
enous substances were not limiting. Apparently auxin was the limiting factor 
since in all varieties maximum root initiation was stimulated by a particu- 
lar concentration of IBA. Thus the natural auxin content in each variety 
of cutting was apparently lower than that which was necessary to bring 
about the initiation of the maximum number of roots per cutting. 

Injury, as a result of IBA treatment, appeared first and was most severe 
in Adriatic cuttings, and occurred in decreasing order in cuttings of the 
Kadota, Mission, and Calimyrna, there being no injury in the latter. It will 
be noted that the order in which the varieties are listed with respect to de- 
gree of injury is identical to the order of listing regarding the rate and 
degree of root and top regeneration in the untreated controls. The greater the 
natural potentialities present for regeneration in a particular variety of cut- 
ting, the more severe was the degree of injury accompanying the external 
application of IBA. The significance of the fact that the varieties initiate 
growth in the spring in exactly this same order ‘is not clearly understood. 
The idea suggests itself, however, that breaking of dormancy in plants may 
be closely associated with auxin level. 

The differential response of the various varieties of cuttings to applica- 
tions of IBA illustrates the regulatory influence of auxin upon root and top 
regeneration in fig cuttings. Cuttings of the Adriatic, Kadota, and Mission 
varieties were greatly stimulated in root production at a certain concentra- 
tion of IBA, but top growth was inhibited. Generally, as root production 
was increased as a result of an increase in concentration of IBA, top growth 
decreased. Sruart (7) found a similar response in kidney bean cuttings 
to applications of indoleacetic acid. He attributed the progressive suppres- 
sion of top growth with progressive increase in concentration of indoleacetic 
acid to the movement of carbohydrates and nitrogen away from the apical 
regions as these materials were mobilized in the region of indoleacetic acid 
application. 

Since cuttings of the Adriatic, Kadota, and Mission varieties were either 
killed or severely injured by a 200 p.p.m. concentration of IBA, a concen- 
tration that greatly stimulated root and top regeneration on Calimyrna cut- 
tings without injury, the data indicate that the Calimyrna variey is lower 
in natural auxin content or is less susceptible to IBA toxicity. The different 
pollination requirements of the varieties in question suggest that the former 
is the factor responsible for the differential response of cuttings of these 
varieties to identical concentrations of IBA. The Adriatic, Kadota, and 
Mission varieties all set their fruits parthenocarpically, while cross-pollina- 
tion and fertilization are essential for fruit setting in the Calimyrna variety, 
unless a hormone is applied externally (1, 3). The same relationship of 
auxin content to fruit setting in the fig appears to exist, as has been reported 
by Gustarson (6) for oranges, lemons, and grapes in which the auxin con- 
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tent in ovaries of the varieties that produce fruits parthenocarpically is 
higher than in the ovaries of varieties which do not. 

The technique used here and the results obtained indicate the impor- 
tance of the time factor in experiments of this type. A large portion of the 
data in the literature on the response of cuttings to hormone treatment rep- 
resents the condition of the treated cuttings at one observation only, in most 
cases, three or four weeks after treatment. Had observations and recom- 
mendations been made only at the second sampling in this investigation, it 
is evident how erroneous the conclusions would have been in regard to treat- 
ment of fig cuttings. 


Summary 


Tip cuttings of the four fig varieties produced in California were rooted 
in a propagating bed supplied with bottom heat in a greenhouse. Untreated 
Adriatic cuttings were found to have the greatest rate and degree of root 
and top regeneration, followed in decreasing order by the Kadota, Mission, 
and Calimyrna varieties. 

Treatment with indolebutyric acid (IBA) at concentrations of 100, 150, 
and 200 p.p.m. resulted in. injury to cuttings of all varieties to varying de- 
gree except in the case of the Calimyrna. Cuttings of this variety exhibited 
no symptoms of injury at any of the concentrations used. Injury appeared 
earliest and was most severe in the cuttings of the Adriatic variety and oc- 
curred in decreasing order in the cuttings of the Kadota, Mission, and Cali- 
myrna varieties, there being none in the last. The order in which the vari- 
eties are listed with respect to the degree of injury as a result of identical 
concentrations of IBA is exactly the same as the order of listing of the un- 
treated cuttings with regard to the rate and degree of root and top regener- 
ation. The gieater the natural potentialities a variety of cutting has for 
regeneration, the greater is the degree of injury accompanying the applica- 
tion of the root-promoting substance. 

From the standpoint of the percentage of cuttings that produced new 
plants, there was no advantage in treating the four varieties with IBA, since 
all untreated cuttings produced roots and tops. Applications of IBA, in the 
case of the Calimyrna variety increased the rate and degree at which root 
and top regeneration took place. 


The Dow Chemical Company supplied the indolebutyrice acid used in 
this study. 
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Introduction 


This paper describes a new method for measuring the gaseous metabo- 


lism of cells, tissues, and whole organisms. The method incorporates certain 
features which offer unique advantages for physiological studies. In princi- 
ple, measurements consist of successive analyses, at frequent intervals, of 
the partial pressures of several constituents of the gas phase over the bio- 
logical material under observation. A mass spectrometer is employed as the 
measuring instrument. 

A mass spectrometer is essentially a special kind of vacuum tube through 
which the gas or vapor being analyzed is flushed continuously at a low pres- 
sure. A hot tungsten filament generates an electron beam at one end of the 
tube (the source), and positive ions of the gas are created there by electron 
bombardment. These ions are accelerated in an electric field and focused 
into a beam which projects down the tube. The ion beam is resolved into 
its mass components by the analyzer, a magnetic field, located part way 
down the tube. As a charged particle enters the magnetic field, it is de- 
flected by an amount which depends upon the strength of the field and on 
the velocity mass and charge of the particle. Lighter particles enter the field 
with greater velocity and hence suffer greater deflection. Thus an ion beam, 
originating from a mixture of gases having different molecular weights, is 
resolved into a series of discrete beams according to the respective masses 
of the constituent ions. Proper adjustment of the ion accelerating voltage 
and of the field strength of the magnetic analyzer will cause any one of the 
separate ion beams to come to focus on the collector at the far end of the 
mass spectrometer tube. The ion current, measured with a vacuum tube 
amplifier, is proportional to the rate at which ions of the particular mass 
are formed at the souree—proportional, therefore, to the partial pressure of 
the corresponding component of the gas mixture being flushed through the 
tube. For general information on the principles of operation of a mass 
spectrometer and on further technical details, the reader may refer to any 
of several reviews (3, 6, 8, 9, 12, 13). 

In our application of the mass spectrometer for analysis of metabolic 
gases, Wwe operate the instrument at a fixed magnetic analyzer field strength 
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and tune in on the desired ion beams by regulating the accelerating voltage. 
Since we want to effect essentially continuous monitoring of the gas mixture, 
the accelerating voltage is automatically varied in cyclic fashion tuning to 
each of several masses in succession. The amplifier output is continuously 
recorded. Ordinarily no adjustments are necessary once the instrument is 
set up for the particular analytical sequence desired; the data for the entire 
experiment are thus collected and recorded completely automatically. 

This method has considerable versatility and an exceptionally high degree 
of analytical specificity because the gaseous constituents are distinguished 
on the basis of molecular weight which avoids ambiguity in all but a few 
instances. Since a mass spectrometer distinguishes not only between chemi- 
cally different gases but also between different isotopes of the same gas, the 
method is especially applicable to various kinds of tracer experiments. 

The use of a mass spectrometer for continuous analysis of a process gas 
was first described by Nrer et al. (10). Recently Ropinson et al. (11) 
described a similar commercial instrument designed for monitoring continu- 
ous industrial processes. Kypp and Hircucock (4) apparently were the 
first to apply these principles to continuous gas analyses in metabolic 
studies with an instrument described by Hunter et al. (2). Muuuer et al. 
(5) described a portable mass spectrometer designed for respiratory studies 
on mammals and for use in operating rooms as an aid to the anesthetist. 


Apparatus and methods 


The apparatus consists principally of a mass spectrometer similar to that 
described by Nier (7). The first instrument used for the kind of studies 
described herein was constructed in the Physics Department and was modi- 
fied to facilitate our particular experiments. Provision was made for con- 
necting the gas inlet of the mass spectrometer to one of several types of 
experimental chambers containing the living material under investigation. 
Gas from the experimental chamber can diffuse into the mass spectrometer 
tube at a very slow rate (a few ml. per day) depending upon the size of leak 
employed. It is this gas which is flushed through the tube at the desired 
pressure (ca. 10-° mm. Hg). With such a low rate of diffusion through the 
leak, the gas in the experimental chamber is not seriously depleted during 
the time of an experiment. 

We have used one basic leak design which is of the viscous flow type. 
The performance of viscous flow leaks was studied by Hatstep and NIER 
(1). The leak was made from copper tubing drawn down to a capillary 
with an internal diameter of 0.007 inch and pinched by screwing a small 
steel bar against a backing plate so as to clamp down on the copper capil- 
lary soldered to the plate. The leak was cautiously pinched to the desired 
size which was determined empirically. 

The accelerating voltage of the mass spectrometer was controlled by a 
voltage divider. As part of the divider, a motor-driven potentiometer was 
arranged to scan a voltage range automatically and to cycle repeatedly over 
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the preset range thus scanning through the tuned settings for several pre- 
determined masses. A series of intermittent analyses of each of a number 
of gases was obtained. The voltage output of the mass spectrometer is fed 
into a recording potentiometer whereupon the data are recorded on a strip 
chart for subsequent study. 

The only changes necessary to adapt a mass spectrometer, designed for 
routine isotopic analyses of gas samples, to our type of measurements are: 
(a) provision of the additional leak communicating with the experimental 
chamber, (b) provision of the voltage divider and automatic tuning, and 
(c) provision for recording the amplifier output with automatic switching 
of amplifier sensitivity so that each analysis is recorded at an appropriate 
sensitivity. 


Owe C-:5599-8 


GIES 
_ ACCELERATING «| 
PAS vou race = 
oo 


ns 
IG VOLTAGE aa 
SUPPLY 


Ve 


pe 


yf ' 
1 / 
j 
‘oll 
| 


RECORDER 
i | 
| 


a +) seals 





Si2 


pan) | 
nee 
é 


60n 


eS. 
. 
vf 
v 
6o~ 


AMPLIFIER OUTPUT 


Fic. 1. Accessory circuits for controlling mass spectrometer accelerating voltage 
and recorder sensitivity. Schematic diagram shows connections to the spectrometer high 
voltage supply, accelerating voltage control, and amplifier output. Also reproduced 
within dashed lines are portions of the circuit drawings of the Consolidated Engineering 
Corp. Mass Spectrometer, Model 21-201 indicating where connections were made in this 
instrument. See text for description of circuit operation. 


These relatively simple changes were incorporated into two different 
instruments. They do not prevent the use of the spectrometer for the usual 
isotopic analysis of gas samples according to conventional practice. Perti- 
nent circuit modifications are shown in figure 1. The added circuit com- 
ponents are entirely external to the mass spectrometer chassis with only 
three leads connecting to the instrument as indicated in the figure. One of 
the mass spectrometers we have so adapted was a commercial instrument 
(Consolidated Engineering Corporation Isotope Ratio Mass Spectrometer, 
Model 21-201). This model instrument is available at a number of institu- 
tions where biological problems are under investigation. Figure 1 also indi- 
cates the specific points in the circuit drawings of the commercial spec- 
trometer at which connections were made to the accessory circuits. The 
operation of these circuits may be considered briefly. 
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ACCESSORY ELECTRICAL CIRCUITS 


Referring to figure 1, switch, 8,, can disconnect the voltage divider thus 
restoring the accelerating voltage control of the mass spectrometer to the 
usual manual adjustment on the instrument panel. Similarly, setting the 
panel voltmeter sensitivity control at other than the off position eliminates 
the added recording circuit. The instrument circuits thus are easily restored 
to their usual operating condition for isotopic analyses of gas samples intro- 
duced into the mass spectrometer manifold. In the opposite position, switch, 
$1, introduces a bank of resistors (800K to 4M, depending on the setting 
of switch S.) between the spectrometer high voltage and ground. The 
accelerating voltage of the instrument is picked off from the center tap of 
the 200K General Radio potentiometer, P;, which constitutes the top mem- 
ber of the series of resistors. This potentiometer (with end stop removed) 
is connected through a gear box (with easily changeable gears) to a 2 r.p.m. 
type K Bodine motor. As the potentiometer is turned by the motor through 
one revolution, the mass spectrometer accelerating voltage sweeps through 
a definite fraction of its maximal range. With the sizes of resistors shown, 
this is 5%, 10%, 20%, or 25% of the range according to the setting of Se. 
By changing gears the potentiometer can be turned at several speeds from 
one fifth to 1 r.p.m. which is about as fast as it, is practical to repeat an- 
alyses in our experiments. 

Switch 8; controls relay, R;, which can interchange the scanning potenti- 
ometer with the next resistor element thus providing voltage scanning at a 
lower maximal voltage but over the same voltage range as before. Micro- 
switches 8, and §; are operated by cams attached to the extended shaft of 
the scanning potentiometer. At a given position in the scanning cycle S4 
operates the relay Ry. As Re closes, the mass spectrometer accelerating 
voltage jumps to a new value determined by the settings of switches S, and 
S; and of potentiometer P. across their center taps. The other half of the 
relay Re and both sides of relay Rs are so connected that the amplifier out- 
put from the mass spectrometer is read on meter, M, through one of four 
possible resistances according to the positions of the relays and the setting 
of switches Ss, S9, Sio and 8;; connected to Rs. This meter circuit is essen- 
tially a replica of the one contained within the mass spectrometer proper, 
and the sensitivity values obtainable with it are the same as those provided 
by switch S-302 in the case of the Consolidated instrument. 

The voltage output is recorded by a Model 153X17V—X-30 Brown Re- 
cording Potentiometer connected across a 60 ohm resistor in the meter 
circuit. Included in the meter circuit is a variable resistor which can be 
adjusted so that a full scale reading on the meter corresponds to the full 
scale of the recorder. With switches Ss, S9, Si9 and i3;; properly set and the 
cams which activate microswitches Sy and S; adjusted appropriately on the 
shaft of the motor driven potentiometer P,, the sensitivity scale on which 
the different mass peaks are recorded changes during the scanning cycle so 
that both large and small peaks can be recorded on the strip chart at sensi- 
tivities which are respectively appropriate. 
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Fic. 2. A. Relation between accelerating voltage (broken line), amplifier output 
(solid line), and scanning potentiometer position (abscissa) for one complete scanning 
cycle. Each amplifier output peak is numbered according to the mass represented. 
Amplification factors (f) show how other peaks are magnified relative to that of mass 44. 
B. Photograph of sample strip chart data. Same peaks represented as in A. Not to be 
confused with mass peaks are sharp spikes such as the one, immediately to the left of 
each mass 32 (highest) peak, which was caused by automatic switching of amplifier 
sensitivity and other smaller spike, immediately to left of each mass 44 (next to highest) 
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OPERATION OF MASS SPECTROMETER 

The dashed line in figure 2 A shows how the mass spectrometer acceler- 
ating voltage can be made to vary over two nonadjacent ranges during a 
scanning cycle. On the same abscissa is reproduced a tracing of part of the 
strip chart record obtained when the gas being analyzed consisted of a mix- 
ture of nitrogen, carbon dioxide, and oxygen which had been enriched in 
mass 34 (0180'S). The apparatus was so adjusted that nitrogen peaks were 
not recorded. Three isotopic peaks for carbon dioxide and three for oxygen 
appear in the record. The tops of the peaks are labeled with their respec- 
tive masses. At the bottom of the graph the amplifier sensitivity factors 
are indicated. Shifts in sensitivity occur automatically between the 33 and 
32 peaks, between the 45 and 44 peaks, and also at the point where the 
accelerating voltage changes abruptly to a different part of its range. The 
factors (f) indicate the relative amplification of the spectrometer output 
voltage for the various mass peaks. 

As the cycle repeats, a series of such peak patterns appears on the strip 
chart constituting a continual succession of analyses as shown in figure 2 B. 
This figure is a photograph of a section of strip chart upon which is recorded 
the continual analysis of a gas mixture very similar to the one whose analy- 
sis is shown in figure 2A. Some indication of the reproducibility of our 
data can be obtained by comparing respective analyses in different cycles 
over the 20 minutes represented by these data. For certain applications 
it is not necessary to change amplifier sensitivity or to interrupt the scanning 
range. To eliminate the operation of relays Re and Rg, ganged switches, 
S12, can be set in the middle position. 

In addition to the electrical circuit modifications depicted by figure 1, it 
was necessary to devise a new mass spectrometer leak since the one incorpo- 
rated in the commercial instrument is not suitable for our purposes. Other- 
wise the commercial mass spectrometer was operated in normal fashion and 
proved to be a dependable instrument for measuring metabolic gas exchange. 

The manner in which the data were taken, of course, depended upon the 
purpose and conditions of the particular experiment. In some instances it 
was advantageous to record continuously the partial pressure of one particu- 
lar gas in the experimental chamber in order to observe short term fluctu- 
ations. For this purpose the instrument was tuned to the desired mass peak 


peak, which represents the back trace at the end of each scanning cycle. No gas was 
being evolved or consumed. Cycling period, 1.8 min. C. Photograph of the sample 
strip chart record of mass 32. Instrument is tuned to oxygen peak and no change in 
oxygen partial pressure occurs within the apparatus. The fluctuations of 1% indicate 
the degree of instrument instability. D. Experimental chamber constructed of brass in 
three sections with circular glass window on bottom. 1. Top view showing insertion of 
stopcocks into middle chamber section. 2. Exploded view showing all three sections 
above glass bottom-plate. Mass spectrometer leak assembly attached to top section. 
Copper capillary leak tubing extends into chamber. 3. Side view of leak assembly only 
showing copper tubing pinched by clamp to form leak. 
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and a continuous record was obtained. Figure 2C is a photograph of such 
a record. The mass spectrometer was tuned to mass 32 and the gas being 
analyzed was undergoing no change in oxygen partial pressure. Extreme 
fluctuations in such records typically are about 1% or less. In most in- 
stances, however, our investigations have required analyses of two or more 
gases or of more than one isotopic species of the same gas. Then, auto- 
matic scanning was employed as indicated above to provide a mass peak 
pattern that was repeated at intervals whose length depended upon the 
cycling rate. 
I-XPERIMENTAL VESSELS 


The requirements of the high pressure side of the apparatus, i.e., the 
experimental chamber, vary with the experiment so that a variety of designs 
may be needed. Three different designs are illustrated and suffice as exam- 
ples of what has been found in practice to be useful. Figure 2D shows a 
glass-bottom chamber of 38 ml. gas space with inlet and outlet tubes at- 
tached. The chamber consists of three sections which fit together on rubber 
gaskets and are clamped by three bolts and wing nuts. External to the ex- 
perimental chamber but soldered to the top section is a loop of brass tubing 
(not shown in the figure) which connects to inlet and outlet pieces of one 
quarter inch copper tubing. Water may be circulated through this to pro- 
vide for temperature control since the chamber when in use was not placed 
in a bath but was surrounded by air. 

Into the center of the top section of the chamber a metal capillary tube 
is inserted through a one quarter inch brass stud. The leak into the mass 
spectrometer is located at a constriction in this capillary as near as possible 
to the chamber. The top section thus is attached to the mass spectrometer 
by this capillary tube which leads directly to the spectrometer gas inlet. 
The top section is fixed in position by a clamp attached to the frame of the 
mass spectrometer which holds the stud vertical and supports the whole 
chamber when closed and in use. A Pyrex plate, three sixteenths of an inch 
thick, cemented to the bottom section of the chamber provides a circular 
window through which the contents may be illuminated. For such purposes 
we have used a horizontal optical bench with light source, lenses, and filters 
as desired and the light was projected upward into the chamber with a 
right-angle prism. The middle section of the chamber is provided with two 
openings to which short pieces of one quarter inch brass tubing are soldered. 
Capillary bore glass tubing is sealed with wax inside of these brass tubes 
and glass stopeocks provide for closure of these openings through which the 
chamber can be evacuated or flushed with gas mixtures as desired. The 
chamber, of course, must be vacuum tight. In use it is assembled with the 
biological material (e.g., a plant leaf) resting on the glass bottom-plate; the 
appropriate gas mixture is introduced; the chamber is closed and observa- 
tions are begun. 

The chamber was suitable for experiments with leaves, leaf sections, or 
other plant parts. However it could not be used for studying algal or 
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chloroplast suspensions. When working with suspensions it is of course im- 
perative that the liquid be agitated so that soluble constituents of the gas 
phase shall remain practically in equilibrium with the liquid. To meet this 
requirement one must either shake the experimental chamber or bubble gas 
through the suspension. Both methods have been used. 

Figure 3 shows apparatus designed to circulate gas in a closed system in 
which the experimental vessel is one compartment. This vessel is a flat 
Pyrex glass cell 35 mm. in diameter and 10 mm. thick. The whole unit was 
constructed on an apparatus rack and the cell protrudes from the plane of 
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Fic. 3. Gas mixing and circulating system. Stopcocks S: and 8; control flushing 
of system and addition of background gas. Stopeocks S, and §; control supplies of 
special gases from bulbs A and B. Stopcocks S: and Ss control addition of gas from 
generator. The trap, when immersed in a liquid nitrogen bath, facilitates addition of 
CO, from generator as described in text. Connections C; and C2 are turned brass sleeves 
waxed to inserted glass tubing and soldered to copper tubes leading to mass spectrome- 
ter leak and to gas circulating pump. Experimental vessel is a flat cylinder 1 em. thick 
and with 10 ml. useful volume. Contents of vessel are stirred by a bubbling gas stream. 


the apparatus so that it may be surrounded by a small water bath when- 


ever required. It is so oriented that the cell contents are easily illuminated 
horizontally. 


PREPARING GAS MIXTURES 
Gas may be introduced into the system shown in figure 3 in three ways. 
Nitrogen or helium, for example, may be flushed through the system in 
quantity ; stopcocks S. and 8; serve as inlet and outlet ports. More precious 
gases (isotopically enriched), contained in supply bulbs A or B in figure 3, 
can be introduced by diffusion into a previous evacuated section of the sys- 
tem, for example, between S; and §;. For introducing gases produced from 
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solid or liquid precursors (radioactive carbon dioxide) the gas generator is 
used. To produce carbon dioxide from solid carbonate, the generator is 
evacuated through 8; and S.. At the same time the trap also is evacuated 
to Ss. The trap is surrounded by a liquid nitrogen bath and sulphurie acid 
is run into the generator from above. The carbon dioxide evolved is frozen 
out in the trap. The generator is closed off at 8;. The trap is warmed as 
the pressure is brought to one atmosphere with background gas. 


GAS CIRCULATING PUMP 


During an experimental run the gas in the system must be circulated to 
insure representative sampling as well as equilibrium between gas and liquid 
phases. The pump which accomplishes this must be tight to the outside 
atmosphere and must pump against a water head of a few centimeters at 
most. Both rubber tubing and all-metal pumps have been tried. There 
seems to be no material advantage in employing anything more complicated 
than the simple type shown schematically in figure 3. This pump was con- 
structed out of short lengths of brass and rubber tubing and was fitted with 
circular flap valves cut from a sheet of dental dam rubber. The valves were 
cemented at one point with apiezon wax to the square turned ends of the 
brass tubing as suggested by the illustration. The internal volume of such 
a pump can easily be kept small which has been important in some experi- 
ments with our apparatus. The intermittent compression of the rubber 
tubing section between the valves was accomplished by a shaft connected 
eccentrically to a motor driven flywheel. The motor speed was controlled 
by a variae and the pump was run at several hundred strokes per minute. 
Thus operated, the capacities of several pumps of this type were between 
100 and 200 ml. per minute. At this rate of bubbling of gas through the 
experimental vessel, very thorough agitation of the suspension was achieved. 


ADAPTATION TO WARBURG-TYPE VESSEL 


For studying materials with annoying tendencies to foam (viz., certain 
ying i 


algal and chloroplast suspensions) it was found necessary to avoid bubbling, 
and the experimental vessel illustrated in figure 3 was replaced by a rec- 
tangular Warburg-type vessel shown in figure 4A attached to a joint but 
not to the conventional Warburg manometer. This joint with gas inlet and 


outlet tubes was attached to a manometer holder in the same position as is 
usual for a Warburg vessel with manometer. Thus the experimental vessel 
ean be shaken by a mechanical shaker in a constant temperature Warburg 
bath of commercial design (J. H. Emerson Co., Cambridge, Massachusetts). 
A mass spectrometer experiment thus can be run in one vessel with several 
ordinary Warburg vessels being run simultaneously beside it in the same 
bath. The gas inlet and outlet tubes of the vessel shown in figure 4A were 
connected to the rest of the gas circulating system by metal capillaries and 
short lengths of rubber tubing so arranged as to insure sufficient flexibility 
for shaking the experimental vessel. 
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MASS SPECTROMETER LEAK 


When the apparatus was operated in connection with the modified com- 
mercial mass spectrometer it was found convenient to locate the gas leak 
close to the spectrometer tube; and a new leak assembly (fig. 4B) was 
bolted to the aluminum plate upon which the glass manifold of the instru- 
ment is mounted. From valve V2 of this assembly, copper tubing communi- 
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Fic. 4. A. Warburg-type vessel. The vessel is supported by a 24/25 standard taper 
joint into the male part of which are incorporated gas inlet and outlet tubes. These 
tubes are connected by short pieces of rubber pressure hose to metal tubing leading to 
the gas circulating system. It is connected in place of the experimental vessel shown 
in figure 3. The vessel is rocked in a thermostatically controlled water bath by a 
mechanical shaker. B. Mass spectrometer leak assembly. Front and side views of the 
all-metal assembly are depicted. Copper capillary tubing is pinched at L by bar 
clamped against backing plate P. Gas from circulating system (fig. 3) flows through 
tubing soldered into block B:. The open end of the capillary leak tubing is inserted 
into this gas stream. Diffusion through the leak transfers the gas for analysis into the 
cavity of block Bs through needle valve Vz to the connection T in the spectrometer gas 
inlet tube. Valve V: connected to a mechanical pump permits evacuation of the region 
between the leak and valve Ve. Entire assembly mounted on one quarter inch brass 
plate bolted to mass spectrometer manifold supporting frame. 


cates via a T-connection with the gas inlet tube of the mass spectrometer. 
This eliminates the need for the leak normally connecting the instrument 
manifold with the spectrometer tube. Therefore the high pressure side of 
the manifold leak is kept evacuated when the instrument is employed as 
described in this paper so that the mass spectrometer measures only the gas 
diffusing in through the new leak from the gas stream being circulated 
through the experimental vessel. 
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EXPERIMENTAL PROCEDURE 


When carrying out an experiment with this apparatus the biological 
material is placed in whatever type of vessel is to be employed. The vessel 


and the accessory gas circulating system is flushed either with a prepared 
gas mixture or with a background gas and, after flushing ceases, small 
amounts of other gases are added as previously indicated. The gas mixture 
thus is prepared in the apparatus and can be analyzed in situ so that, by 
trial and error, the desired gas mixture may be approximated. In most 
cases this requires about 10 to 15 minutes. Equilibration is rapid. Meta- 
bolic data usually can be considered meaningful about 15 to 30 minutes after 
the experimental vessel is placed on the apparatus. 


INTERPRETATION OF DATA 


After the experiment the strip chart must be analyzed to convert a recur- 
ring peak pattern, such as figure 2B, into a more conventional type of 
graph. Data are taken off the chart by measuring the various peak heights 
(correcting for base lines) and making the appropriate corrections for 
amplifier sensitivities. The resulting data are relative and can best be con- 
verted to absolute values by direct calibration with known gas mixtures. 
It may also be noted that a given partial pressure of one gas will not neces- 
sarily produce the same mass spectrometer voltage output as the same 
partial pressure of a different gas. This is because the ionization efficiencies 
of different gases may differ significantly, hence the need for individual 
calibrations when absolute values are wanted. Another point to be remem- 
bered is that it is infeasible to employ the usual corrections for spectrometer 
residual peaks (the peak heights obtained when the mass spectrometer inlet 
valve is closed so that no gas can enter the tube). Apparently it is the pres- 
ence of water vapor in the metabolic gases which invalidates the usual type 
of blank correction. Since there is no provision for drying the gas being 
analyzed, the apparatus is far from clean in the sense this term is used in 
mass spectrometry. Water vapor has not constituted a source of difficulty 
in our experiments. If it should prove objectionable in future applications, 
a drying agent or cold trap may be introduced in the gas circulating system 
in front of the T-connection to the mass spectrometer leak. 


TIME RESOLUTION 


Figure 5A shows a continuous record of the mass 32 peak when the 
apparatus was filled initially with helium. Time runs from right to left on 
the chart. As described previously, a section of the gas circulating system 
isolated between two stopcocks was filled with 100% oxygen. The stop- 
cocks were turned so as to allow gas circulation, the pump was started, and 
the slug of oxygen was swept around the system again and again until com- 
plete mixing had been accomplished. The instrument detected this oxygen 
each time it passed the connection to the spectrometer leak tubing giving 
rise to the oscillating record shown in figure 5 A. The time of one cycle on 
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the chart corresponds to the circulation time of the gas in the apparatus and 
is 24 seconds under the particular conditions of this measurement. The 
time for complete mixing is about two minutes but this obviously depends 
on the size of the experimental vessel. With a larger vessel the mixing time 
would be less. Figure 5A gives some indication of the time resolution 
achieved by the method. 
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Fic. 5. A. Photograph of chart data showing gas circulating time. Part of the 
system (fig. 3) was filled with oxygen and the mass spectrometer was tuned to mass 32. 
The gas circulating pump was started and the gas was completely mixed after six circu- 
lations past the spectrometer leak. From this record, circulation time was 24 seconds. 
The measured system volume was 51 ml. The calculated pumping rate was 128 ml. per 
min. B. Sample data illustrating mass spectrometric measurement of respiratory and 
photosynthetic gas exchange of Chlamydomonas Moewsti, One hundred microliters of 
algae were suspended in 2 ml. phosphate buffer, pH 5.4. The gas phase was 3.5% oxy- 
gen in helium. Three dark and two light periods are represented. First light period 
gave photosynthesis 2 x compensation; second light period was near compensation. 
Points on each curve represent intervals of 108 seconds. The units on the ordinate 
correspond approximately to 10 microliters of either gas. 


Data 

After appropriate analysis of the data from the strip chart one may 
draw a graph of the gas exchange of the cells or tissue observed in the usual 
manner. Figure 5B is an example which is chosen merely as an illustra- 
tion. The biological material was 2.0 ml. of a 5% algal suspension in a 
rectangular vessel of 10 ml. volume (similar to figure 4 A) shaken in a water 
bath. The gas phase consisted initially of helium containing about 3% 
oxygen. The data show two intervals of photosynthetic activity at different 
light intensities between dark intervals during which only respiratory gas 
exchange is recorded. The ordinate values have no absolute significance; 
they have the dimensions of voltage output. By calibration with gas mix- 
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tures they can be converted to partial pressure increments of the respective 
gases. Such values can in turn be converted to absolute quantities of gases 
produced or consumed only if the total gas volume is known. In the experi- 
ment illustrated each unit on the ordinate corresponds roughly to 10 micro- 
liters of either gas. 


Extreme fluctuations in the record typically are about 1% or less. Obvi- 


ously the precision with which increments in partial pressure of a given 


metabolie gas can be measured thus depends upon the prevailing partial 
pressure. This is in contrast with a method such as Warburg manometry 
for which the precision neither is improved by working at low concentration 
of the gas which is being metabolized nor is there any sacrifice in precision 
if one works at high concentration. Practical considerations including 
quantity of biological material studied, its metabolie rate, the gas volume 
of the experimental system, and the size of the mass spectrometer leak 
actually determine the effective upper limit to the partial pressure of the gas 
being measured. We have taken data on rates of oxygen metabolism by 
plant tissues in as high as 10% oxygen with a statistical error in rate deter- 
mination of less than 5% (standard error of regression coefficient of partial 
pressure on time for data such as those of fig. 5 B). 

Various applications of this method will be dealt with in subsequent 


papers. 
Summary 


A method is described for measuring gaseous metabolism of cells, tissues, 
or whole organisms. In principle it consists of an experimental chamber of 
suitable size either with or without provision for gas circulation according 
to the requirements of the experiment. The gas phase is continuously sam- 
pled by a recording mass spectrometer. This instrument is provided with 
automatic tuning in such a manner that it records in sequence the partial 
pressures of several gases in the chamber at frequent intervals. The device 
accomplishes practically continuous monitoring of a predetermined number 
of gases. The analyses are of course based on the molecular weights of the 
respective gases and therefore the method has excellent analytical specificity 
except for a few ambiguities (like nitrogen and carbon monoxide). The 
method has good time resolution. Sample data are presented illustrating 
application of the method in a biological experiment. 


Many times during the development of this method a number of indi- 
viduals have contributed useful advice, helpful suggestions, or manual 
assistance in ways too numerous to mention in detail. Among those espe- 
cially to be thanked are Charles Bollenbacher, Jaan Jurrisson, and J. M. 
Daly. We are particularly grateful to Dr. R. E. Halsted who was responsi- 
ble for the basic electrical circuit design, essentially similar to that shown 
in figure 1, and who has advised us on many technical aspects of mass spec- 
trometry. Kent Chapman and Wilma Monserud prepared most of the 
figures. 
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Introduction 


The development of masses of tumorous tissue following implantation of 
Agrobacterium tumefaciens into susceptible plants has been of considerable 
interest to biologists for half a century. Among the many studies on these 
crown galls, few, however, have attempted to compare and correlate the 
structure and vital activities of normal and tumorous tissues from the time 
of inoculation through the various phases of development of the normal 
control plant and of the tumorous plant. For the tomato plant, Riker (24, 
25) has made sequential histological and cytological examinations of these 
tissues; Riker et al. (26) and Link and Eccrrs (15) have studied the auxin 
levels; and Link and Gopparp (16) have made a preliminary investigation 
of the respiration of the control and tumorous hypocoty] tissues throughout 
the period of tumor development. 


The work reported in this paper was undertaken to compare some of the 
biochemical properties of normal and tumorous tissue and correlate these 
findings with the modifications in structure that occur during development. 
Nitrogen and phosphorus fractions and respiratory intensities were selected 
for this study because of their well-known relationships to energy and 
growth metabolism. 


Materials and methods 

Approximately 6,000 tomato seeds (Lycopersicon esculentum Mill. var. 
Bonny Best) were sown into 10 flats of soil on June 6, 1950. When the 
seedlings were 22 to 24 days old they were selected for uniformity and 
transplanted into flats (100 plants/flat) or into five-inch pots (one plant/ 
pot). The 4000 plants so selected were divided into two lots, each occupy- 
ing half of an east-west facing greenhouse room. On July 5, 1950, 24 days 
after germination, the plants of one lot were inoculated in the middle of the 
aboveground portion of the hypocoty!] with a 24 hour old nutrient-dextrose 
broth culture of Agrobacterium tumefaciens (Univ. of Chicago strain S 5-6). 
The composition of the medium and the method of inoculation was that of 
Braun (2) and all of the inoculated plants developed tumors. The plants 
of the control lot were similarly wounded in the middie of the hypocotyl 
with a sterile needle. The hypocotyl was selected for this study because it 
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is the first axis segment té6 complete elongation and because of its relatively 


uniform diameter and stage of development under uniform cultural con- 
ditions (15). 

Two days before inoculation and at time intervals of 2 to 44 days after 
inoculation, samples were collected for analysis. After the 44th day the 
plants began to flower and, as previously noted by Stapp and Bortets (81), 
the tumors no longer grew after the plants were in bloom. All collections 
were made at 9:00 a.m. on the designated days. The plants in flats were 
used only for the first two collections when very large numbers of plants 
were required; thereafter the potted plants were used exclusively. For the 
first two collections after inoculations only the water-soaked tissues sur- 
rounding the punctures were used since this zone apparently delimits the 
prospective tumorous area (23). When the tumors were macroscopically 
evident only the enlarged portion of the hypocotyledonary cylinder was ex- 
amined. Control segments routinely included the middle third of the hypo- 
cotyl. The selected hypocotyl segments were removed with a razor blade 
and rinsed with running tap water. During the earlier collection periods 
tissues from at least 150 control or tumorous plants were used and a mini- 
mum of 75 plants were sampled in all later collections. Tissue from the 
same plant was used for all of the studies reported here. 


NITROGEN ANALYSES 


Four to six gram samples of fresh tumor or control hypocotyl tissues 
were placed in weighing bottles, and, after determining their initial weight, 
were heated-at 110° C for two hours. The tissues were then dried to con- 
stant weight in a vacuum oven at 60° C (17), and the percentage dry weight 
was calculated from these data. The dry samples were ground in a Wiley 
mill to pass a 60 mesh screen and stored in the dry state until analyzed. 
Total nitrogen was determined by the semi-micro Kjeldahl method using 
selenium as the digestion catalyst. Soluble nitrogen was extracted from the 
% ethyl alcohol contain- 
ing 5% trichloroacetic acid and four subsequent extractions were made at 


dry tissue for 18 hours at room temperature by 55 


80° C for 20 minutes each. Aliquot portions of the pooled soluble fraction 
were analyzed as for total nitrogen. The insoluble residue contained no 
alecohol-soluble nitrogen after the final extraction. Protein nitrogen was de- 
termined by difference and all data were referred to both wet and dry weight 
bases. The percentage standard deviations averaged 3%. 


PHOSPHORUS ANALYSES 


Several modifications were introduced into the phosphorus fractionation 
scheme develop by Jun et al. (10) and the revised procedure is given here 
in detail. This method has the advantage of requiring a short time for a 
complete analysis and may prove useful in general surveys of the phos- 
phorus metabolism of higher plants. Total phosphorus was measured after 
digestion of the plant tissue at 140° C for 18 hours in open tubes with 10 V 
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H.SO, and concentrated HNOs: and aliquot portions of the wet ash were 
analyzed by a modification of the Fiske and Suspparow method (9). The 
reduced phosphomolybdate color was fully developed within five minutes by 
including ethanol to a final concentration of 10% by volume (28) and was 
read in a Klett photoelectric colorimeter with the red filter. 

Weighed samples of fresh tissue (1 to 1.5 grams) were placed together 
with fine sand in small glass mortars containing a frozen paste of 10% tri- 
chloroacetic acid and thoroughly ground. The mortars were kept at 4° C 
for two hours with occasional regrinding following which the samples were 
quantitatively transferred to centrifuge tubes using small volumes of cold 
5% trichloroacetic acid as rinse fluid. After cold centrifugation the residues 
were re-extracted four times with cold 5% trichloroacetic acid, the pooled 
extracts made alkaline (pH 8.2) with NH,OH, MgCl. added to a final con- 
centration of 4% and the extracts stored overnight at 4° C. No additional 
acid-soluble phosphorus was extractable upon further treatment with cold 
trichloroacetic acid. The inorganic phosphorus in the extracts had precipi- 
tated by the next morning and was separated from the acid-soluble organic 
compounds by centrifugation. Preliminary trials showed that no phos- 
phorus-containing esters were precipitated by this treatment. The precipi- 
tates were washed four times with small portions of dilute (1:10) NH,OH, 
and the washings were added to the acid-soluble organic fraction. Aliquot 
portions of the pooled acid-soluble organic fraction were wet ashed for total 
phosphorus. This fraction was not further characterized. The inorganic 
phosphorus was analyzed by the methods outlined by Jun1 et al. (10), meta- 
phosphate being precipitated at pH 4.5 to ensure the maximum yield. 

The residue remaining after the extraction of the acid-soluble fractions 
was dried at 65° C, transferred to soxhlet extraction thimbles, and extracted 
for two hours with ethyl ether (25 to 30 complete extraction cycles). The 
ether extract was analyzed for lipid phosphorus. The fat-free residues were 
then extracted four times with 5% trichloroacetic acid for 10 minutes at 90° 
C and the extracts pooled to form the nucleic acid fraction. This procedure 
(29) apparently removed only nucleic acids since no other phosphorus-con- 
taining compound was detected. Desoxypentose was determined using di- 
phenylamine reagent (8) with the resulting color checked for absorbtion 
maximum, and the desoxyribonucleic acid (DNA) was calculated as a tetra- 
nucleotide from standard curves prepared by the method of ScHNEIDER (29). 
Since, as reported by Ocur and Rosen (21), hot trichloroacetic acid treat- 
ments will hydrolyze pentosans, the standard pentose tests are unreliable 
as measures of ribonucleic acid in plant tissues. For this reason ribonucleic 
acid phosphorus and ribonucleic acid tetranucleotide (RNA) were caleu- 
lated as the difference between the total nucleic acid phosphorus and the 
DNA phosphorus. Inasmuch as any determinate errors in the diphenyla- 
mine test would affect the observed concentrations of both nucleic acids, this 
method may not be completely accurate. However, this modification of the 
Schneider procedure was subsequently compared with the Ocur and Rosen 
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(21) method with excellent agreement between the two techniques with re- 

gard to separation and analysis of the nucleic acids of tomato stem tissues. 
The fat-free and nucleic acid-free residues were wet-ashed and analyzed 

for phosphorus. This fraction contained only protein-bound phosphorus. 

In preliminary trials during the development of this phosphorus frac- 
tionation scheme, the average percentage standard deviation was 2.5%. 
Recoveries of added phosphorus compounds to plant tissues was 96% to 
103% with an average recovery of + 3% from theory. In the studies re- 
ported at this time it was impossible to run a sufficiently large number of 
replicate analyses at any collection period to calculate standard errors. 
In an effort to ensure reasonable dependability of the results, tissue frag- 
ments from at least 75 plants were pooled at each collection and all frac- 
tionations were run in duplicate. In no case did the duplicates vary more 
than 5% from their mean. The sum of the phosphorus in each fraction was 
usually 3% to 5% below the total phosphorus values and in view of the 
number of transfers and dilutions, this does not seem to be excessive. 


MANOMETRIC METHODS 


Tumorous and control tissues were cut free-hand into thin (0.5 to 0.8 
mm.) slices with a razor blade and transferred to water at room tempera- 
ture. After all the tissue had been sliced the water was filtered off through 
a porcelain filter. This rinsing of the tissue removed most of the bacteria 
(20, 27) and also served to randomize the slices from a number of plants. 
The buffer consisted of half strength Kreb’s Ringer solution (to supply ionic 
cofactors) + 0.01 M potassium phosphates adjusted to pH 5.3 for respiratory 
study and pH 6.0 for the study of fermentation. Hydrogen or nitrogen gas, 
previously passed over heated copper filings to remove oxygen, was bubbled 
through the fermentation buffer for 10 minutes before it was used. Approxi- 
mately 600 mg. of fresh tissue and 3.0 ml. of the appropriate buffer solution 
were placed in the main compartments of 25 ml. Warburg vessels. Respira- 
tory gas exchange was measured by a one-vessel modification of the War- 
burg direct method (13) with air as the gas phase. Fermentation (anaer- 
obic respiration) was measured in oxygen-free nitrogen or hydrogen and 
any bound CO» was released by acid tipped in at the end of the run. All 
runs were made in duplicate at 28° C. Respiration and fermentation were 
followed for 120 and 90 minutes respectively. All tissues were dried at 
110° C to constant weight. The duplicate vessels agreed to within 10% on 
a dry weight basis. 


Results 
HISTOLOGICAL FINDINGS 


Free-hand sections of normal and tumorous hypocotyl tissues made at 


each collection showed the same sequence of histological changes noted by 


Riker (24). Only rare cell divisions were noted in control or prospective 
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tumorous tissues during the first four to five days after puncture or inocula- 
tion. At the end of this time cells about the point of the wound were be- 
ginning to divide. This period is designated as the induction phase (IP) 
and is so indicated on all figures. The control plant sections showed that 
the number of new cells formed in the puncture zone subsequent to the in- 
duction phase was small and they were restricted to the periphery of the 
wound. Cell division stopped about eight days after wounding. These new 
cells simulated a wound phellem in that the cells were tabularly arranged 
but they did not show extensive cell wall suberization. In the inoculated 
plants, however, cell division continued and did not slow down until about 
20 days after inoculation. This period of rapid tumorous cell proliferation 
is designated as the growth phase (GP). These tumorous cells do not con- 
stitute a typical callus because the cell divisions, which take place in all 
planes, were not preceded by extensive cell enlargement. During the growth 
phase the only new cells formed in the control hypocotyl! tissues were those 
cut off by normal cambial activity, and the maturation of the control tissues 
proceeded in normal fashion. 

Fourteen to 20 days after inoculation the tumor consisted almost entirely 
of small meristem-like cells, and it appeared that by this time the maximum 
number of tumorous cells per unit weight or volume of tissue had been 
formed. The third phase of tumor development was initiated at this time 
and is designated as the maturation phase (MP). During this period 
tumorous cell division decreased rather sharply and had almost ceased by 
the end of the study. Large numbers of tumorous cells, instead of dividing, 
were enlarging and maturing. The walls were undergoing secondary thick- 
enings, dead elements (sclerids, wound tracheids, etc.) were seen, and necro- 
biotic changes were evident in the protoplasts. Nevertheless, the proportion 
of young cells was still considerably higher in the tumorous tissue than in 
the control tissue. In the control tissue, the number of new cambial deriva- 
tives decreased and maturation of the several tissues continued up to the 
end of the study. 

WEIGHT CHANGES 

Naay et al. (19) and Link and Eccers (15) did not find any significant 
differences in the percentage dry weight between tumor and control at the 
time of their collections of material. In the experiments reported at this 
time, there was a distinet difference between these tissues after the four- 
teenth day of tumor development (fig. 1). Although the percentage dry 
weight of the tumorous tissues remained constant after this time, that of the 
control increased steadily until the close of the study. These differences in 
dry weight have been reported for old tumors and their controls by Kier 
and KryssNner (11) and would be expected if, as noted above, the tumor 
consisted of young cells while the control tissues showed considerable sec- 
ondary thickening. It should be remembered, however, that these differ- 
ences might not be observed if the control tissues remained quite succulent 
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Fic. 1. Changes in the percentage dry weight of control and tumorous tomato 
hypocotyl! tissues during tumor ontogeny. 
throughout the period of study. The relation of the dry weight to the caleu- 
lations of gas exchange rates and to the levels of tissue constituents will be 
discussed later in this paper. 


NITROGEN CHANGES 


The relation of soluble and protein nitrogen to the time after wounding 
5S 


or inoculation is illustrated in’ figure 2. If there were any nitrogen changes 
during the induction phase in response to the wounding of the control plants, 
the changes were either too small to be detected by the analytical methods 
used, or the samples were too large to uncover purely local changes. The 
shapes of the curves for the protein and soluble nitrogen of the control tis- 
sues are typical of the changes in concentration to be found in normal tissues 
with increasing age when they are calculated to a dry weight base. When 
plotted on a fresh weight base, the curves showed a slowly rising level of 
nitrogen (or other) fraction with time. 
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Fic. 2. Concentrations of protein and soluble nitrogen in control and tumorous 
tomato hypocotyl tissues during tumor ontogeny. 
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The major increase in protein nitrogen of the tumorous tissue occurred 
relatively late in development and appeared to be initiated at the time when 
the tumor changes from primarily numerical cell increase to cell volume in- 
crease. The soluble nitrogen showed the same pattern but the rate of accu- 
mulation was smaller. Prior to the present study, only the 35 to 44 day 
stages have been used for the reported differences in the nitrogen content of 
normal and tumorous tomato tissues (11, 19). 

The relative proportion of protein to soluble nitrogen constituents during 
development is of considerable interest. Kein and Keryssner (11) re- 
ported a predominance of protein nitrogen in tomato tumors five to six 
weeks after inoculation while the opposite was true for control tissues. This 
appears to be true only during the period of tumor maturation since protein 
was not being preferentially synthesized during the main period of tumor 
growth. Since soluble nitrogen also increased in the tumor during the mat- 
uration phase, albeit at a slower rate than protein nitrogen, the synthesis of 
protein did not occur entirely at the expense of the available amino acids 
and amides. The stunted and nitrogen-deficient appearance of the tumor- 
ous plants would lead one to postulate that the nitrogen of the whole plant 
was being mobilized into the tumor. 


NUCLEIC ACID CHANGES 


The variations in the level of DNA in tumorous tissue during the period 


of study were quite striking (fig. 3). Two days after inoculation there was 
a peak in the level of DNA with no evidence of cell division about the point 
of inoculation. The recent work of Swirr (32) suggested the possibility 
that there may be a duplication of chromatin in these pre-tumorous cells 
since in normal plant tissues the DNA per nucleus doubles preceding cell 
division. As no corresponding change was noted in the wounded control 
tissues, this increase in DNA may be the first indication of the subsequent 
burst of cell division noted during the early growth phase. However, the 
subsequent drop in the concentration of DNA is not consistent with this 
duplication hypothesis since, unless DNA was being destroyed, the curve 
should either form a plateau at this level or increase until the second peak 
was reached. It is possible that this initial, high DNA level represents some 
yet unknown activity of the pre-tumorous cells which may be directly re- 
lated to the processes of tumor induction. The second peak in DNA level 
of the tumorous tissue is almost certainly due to the large numbers of cells 
per unit weight of tissue. Measurements of the relative amounts of DNA 
per normal and tumorous cell nucleus by the methods of Swirr (32) at the 
time of the second peak (14 days after inoculation) did not show any sig- 
nificantly higher concentration of DNA in the tumorous cell nucleus as com- 
pared to the control (H. H. Swift, unpublished). The histologically ob- 
served enlargement and maturation of the tumorous cells subsequent to the 
growth phase would explain the drop in the DNA level since the number of 
cells per unit weight of tissue appeared to have decreased after the 14 to 20 
day peak. 
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Fic. 3. Concentrations of desoxy- and ribonucleic acids in control and tumorous 
tomato hypocotyl tissues during tumor ontogeny. 


Since the concentration of RNA in the tumorous tissues followed that of 
the control tissues during the induction and growth phases in spite of the 
obvious increase in cell numbers, it would appear that the cellular concen- 
tration of this nucleic acid does not remain constant during the period of 
tumorous cell multiplication (fig. 3). The rise in the RNA concentration in 
the tumorous tissue 27 to 35 days after inoculation occurs at the time pro- 
tein accumulation is greatest and cell division had largely been supplanted 
by enlargement and maturation. This association of changes in the concen- 
tration of RNA and protein has been postulated as a causal relation by 


Caspersson’ (6) but has not been reported in higher plants. This problem 


will be discussed in another section of this paper. 

The ratio DNA/RNA of the control tissue was approximately 1.0 to 1.2 
throughout the mature life of the plant (fig. 4). Another indication of the 
constancy of a ratio of this type can be noted in the nucleo-cytoplasmic 
ratio of normal tissue as reported by Riker (26) although the specificity of 
DNA and RNA in plant nuclei and cytoplasm respectively has not been 
established. In the tumor the ratio varied, reaching a peak of 4.8 at the 
end of the growth phase. The fall in the nucleic acid ratio during the mat- 
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Fic. 4. Changes in the ratio: DNA/RNA of control and tumorous tomato hypo- 
coty! tissues during tumor ontogeny. 
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uration phase to that found in the control is, to some extent, a biochemical 
confirmation of the histologically observed maturation of the tissues. It is 
doubtful, however, whether this normal ratio indicates that the tumor can 
now be compared to controls of the same chronological age. 


PHOSPHORUS CHANGES 


The peak in the accumulation of total phosphorus in the tumorous tissue 
was observed during the late growth phase (fig. 5). This piling up of total 
phosphorus in crown gall tissues has been studied recently by Tsao and 
Wuatey (33) using phosphorus 32 accumulation in Bryophyllum tumors. 
These authors also reported higher concentrations of total phosphorus in 
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Fic. 5. Concentrations of various phosphorus-containing tissue fractions of control 
and tumorous tomato hypocoty! tissues during tumor ontogeny. Single bar at 2 days 
before inoculation (—2 days) represents normal hypocotyl] tissues only. Left bar at all 
collection times represents fractions in control tissues; right bar represents tumorous 
tissues. 
tomato stem tumor tissues as compared to normal tissues, their values 
closely approximating those reported here. When the total phosphorus 
values reported in the present study were calculated on a DNA base rather 
than per unit tissue weight in an effort to determine the relative concentra- 
tions of phosphorus per cell, the differences in the levels of phosphorus in 
control and tumorous tissue disappeared and the time course curves were 
practically superimposable. 

The orthophosphate phosphorus content of the control tissue comprised 
about 25% of the total tissue phosphorus throughout the period of study. 
In the tumor, however, during the late induction and early growth phases, 
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there was some indication that the orthophosphate phosphorus became a 
somewhat greater fraction of total phosphorus than was true of the corre- 
sponding control. The orthophosphate contribution to the total phosphorus 
of the tumor then decreased to about 20% during the growth phase, and the 
proportion again rose to the control value towards the end of the matura- 
tion phase. 

The presence of metaphosphate has been reported in fungi (Aspergillus, 
Neurospora, and yeasts) but has not previously been noted in the tissues of 
higher plants. The compound (or polymer) has not yet been assigned any 
specific role in metabolic processes. In the hypocotyl! tissues of the controls, 
metaphosphate phosphorus remained a fairly constant fraction of the total 
phosphorus throughout the period of study. In the tumorous tissues, its 
relative importance decreased markedly as the total phosphorus content of 
the tissues rose. Whether this indicates that this little-studied fraction is 
of slight importance in the phosphorus metabolism of proliferating plant 
tissues or that it serves as a stable pool for other phosphorus-containing 
compounds must await further study. In view of the increase in cell num- 
bers in the tumorous tissues, it is certain that metaphosphate did not remain 
constant in amount in tumor cells as compared to control levels. 

The remarkable increase in the components of the acid-soluble, organic 
phosphorus fraction of the tumorous tissue is of considerable interest. Dur- 
ing the late growth phase of tumor development this fraction, containing 
phosphorus esters, acid-soluble nucleotides, ete., comprised more than half 
of the total tissue phosphorus. When calculated to a DNA base instead of 
weight, there is good reason to infer that these components increase in 


amount per cell. It is doubtful whether this increase is due entirely to a 


block in the Meyerhof-Embden pathway since no decrease in the rates of 
tumorous tissue fermentation was observed. During the late maturation 
phase of tumor development the relative role of these compounds decreased 
until, at the end of the study, they formed approximately the same fraction 
of total phosphorus as was found for the controls. The detailed fractiona- 
tion scheme developed for the analysis of these components by LEPaGE and 
Umpreitr (14) would be most useful in an analysis of this problem but could 
not be used in the present investigation. 

Although the nucleic acid phosphorus and lipid phosphorus fractions re- 
mained reasonably constant as percentages of total phosphorus in both 
tumorous and control tissues during the period of study, there were small in- 
creases in the percentages of tumorous tissue protein phosphorus during the 
growth phase of development. Here the time dependent changes in the level 
of this component appeared to be more closely related to DNA (and hence 
cell numbers) than to the weight of the tissue. The rise in protein phos- 
phorus of the tumor during the early induction phase, two days after inocu- 
lation, which is unrelated in increases in cell numbers, may be significant 
since Braun (3) has postulated that the tumor inducing principle may be 
protein in nature. 
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GAS EXCHANGE 


The relative constancy of the respiratory quotient (R.Q.) of control 
hypocotyl] tissues close to unity would indicate that throughout most of the 
mature life of this organ the primary respiratory substrate is carbohydrate 
(fig. 6). This corroborates the finding of CALDWELL and MEIKLEJOHN (5). 
In the present study the R.Q. was 0.92, 27 days after planting (22 days after 
seed germination) and then the R.Q. levels off at 0.97 to 0.99 when the 
plants were in the four to six leaf stage, 28 days after germination. The 
progressive modifications of the R.Q. of the slices of tumorous tissue sug- 
gests that the substrate for respiration was changing. The initial drop to 
0.85 immediately after inoculation might indicate that protein was being 
oxidized but no data are available at this time to evaluate this finding. It 
is also possible that this R.Q. change is more closely related to an incom- 
plete oxidation of carbohydrate with an accumulation of its end products 
(organic acids, ete.). 
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Fic. 6. Respiratory quotient of slices of control and tumorous tomato hypocotyl 
tissues during tumor ontogeny. 


The subsequent rise in the R.Q. to 1.2 during the maturation phase 
would suggest the utilization of compounds in a higher state of oxidation 
than carbohydrate. Although the nature of this substrate is unknown, it is 
of interest that KLern and Kreyssner (12) reported that five to six week old 
tomato tumors were more alkaline than control tissues and contained mcre 
titratable acidity. This suggests that there might be an accumulation of 
organic acids in the tumorous tissues which might be available for respira- 
tory utilization. It should be remembered, however, that this high R.Q. 
may reflect a concomitant aerobic glycolysis of the tumorous tissues; but 
again, no convincing evidence is available. 

The rates of gas exchange of control and tumorous tissue slices were 
ploited on weight, nitrogen, phosphorus, and nucleic acid bases in order to 
compare these standards as to significance and to gain an insight into the 
types of response of these tissues during their various phases of develop- 
ment. It must be emphasized that the gas exchange rates of isolated tis- 
sues cannot be assumed to represent the activities of these tissues in the 
environment of the intact plant. 
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Fic. 7. Respiration and fermentation of slices of control and tumorous tomato 


hypocotyl tissues during tumor ontogeny when plotted on a fresh weight basis. 


The curves for oxygen uptake (respiration) and anaerobic COs produc- 
tion (fermentation) on fresh and dry weight bases (figs. 7 and 8) show that 
the gas exchange rates of tumorous tissues were considerably higher than 
those of the controls with the peak in respiration occurring at about the end 
of the growth phase. On both these bases there were small but significant 
decreases in tumor respiration immediately after inoculation and a slight 
increase in fermentation at the same time. The curves for oxygen uptake 
on a fresh weight base are quite similar to those reported by Link and Gop- 
DARD (16). 


However, these authors did not find any decrease in oxygen up- 
take upon tumor initiation when they calculated rates on a fresh weight 
base. 


The steady decreases in gas exchange rates of control tissue slices 
calculated on dry weight standards is primarily a function of the increments 
of non-respiring elements (vessels, fibers, cell walls, ete.) which make up 
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Fic. 8. Respiration and fermentation of slices of control and tumorous tomato 
hypocotyl] tissues during tumor ontogeny when plotted on a dry weight basis 
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increasingly greater fractions of the dry weight with increasing age of the 
tissues. When fresh weight was used as the reference standard, the ascend- 
ing control curves during the period of study are related more to the chang- 
ing number of cells per unit volume of tissue since the dead material, al- 
though increasing in amount, comprises a smaller fraction of the fresh 
weight than of the dry weight. 

Nitrogen bases have been suggested and used for the calculation of the 
gas exchange rates of plant tissues because of the ease of determining this 
cell fraction and because of the assumption that nitrogen will represent liv- 
ing material. These views have been discussed by Burris and WILSON (4). 
The gas exchange rates of control and tumorous tissue slices have been 
plotted for total nitrogen (fig. 9), soluble nitrogen, and protein nitrogen. 
There was good agreement in the shapes of the curves when total and pro- 
tein nitrogen were used as standards for calculation. The respiration of the 
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Fic. 9. Respiration and fermentation of slices of control and tumorous tomato 
hypocotyl! tissues during tumor ontogeny when plotted on a total nitrogen basis. 


tumorous tissue was identical to that of the control during the induction and 
growth phases after which the respiration of the tumorous tissue fell off 
sharply. It will be remembered that this was the time that the tumor was 
maturing and nitrogen, particularly protein nitrogen, had started to accu- 
mulate. On the other hand, the rates of fermentation remained higher in the 
tumor throughout most of the period of examination, descending to the con- 
trol level only at the end of the study. If these were the only data consid- 
ered, it would appear that the fermentation of tumorous tissue was acceler- 
ated while respiration was unaffected during the induction and growth 
phases, falling off during the maturation phase. When soluble nitrogen was 
the standard, the picture was more like that seen on weight bases. 

Various phosphorys fractions were also used for determining gas ex- 
change rates. When the rates of control and tumorous tissues were plotted 
to a total phosphorus base (fig. 10) it can be seen that both the respiratory 
and fermentative capacities of the tumorous tissue parallel those of the con- 
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Fic. 10. Respiration and fermentation of slices of control and tumorous tomato 
hypocotyl tissues during tumor ontogeny when plotted on a total phosphorus basis. 


trol tissues but are at somewhat higher levels. The striking similarity of 
the total phosphorus based curves to those employing a DNA standard (fig. 
11) is particularly important. Since it was reported that DNA is reason- 
ably constant per tomato cell nucleus, this nucleic acid should be an accu- 
rate measure of the number of living cells in any particular tissue sample. 
Therefore, these latter curves should compare the gas exchange rates of con- 
trol and tumorous tissue on a more nearly cellular level than would be pos- 
sible using any other biochemical characteristic of the tissue. Under the 
conditions of these studies (excluding the early induction phase values which 
are unrelated to cell numbers) the rates of gas exchange of tumorous tissue 
(tumorous cells) were parallel to but were greater than those of the control 
tissues (control cells) throughout most of the period of study. This elevated 
rate of gas exchange of the tumorous cell was initiated during the late in- 
duction phase, was maintained during the growth phase, and showed a fur- 
ther increase during the maturation phase. This secondary increase in gas 
exchange during the late maturation phase was also noted when total phos- 
phorus was used as the reference standard. When protein phosphorus was 
used as the base, the gas exchange rates of the tumorous tissue were less 
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Fic. 11. Respiration and fermentation of slices of control and tumorous tomato 
hypocotyl tissues during tumor ontogeny when plotted on a desoxyribonucleic acid basis. 
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constant than those caleulated to the other bases but the previously noted 
acceleration of the rates during the late maturation phase was evident. 


Discussion 

The patterns of the curves for gas exchange rates of the slices of control 
and tumorous hypocotyl tissues during the study varied considerably de- 
pending on the base used for the calculations. The problem remains as to 
the most adequate base for expressing gas exchange rates to reflect the 
metabolism of tissues which, in addition to being modified by normal aging 
processes, differ as a result of experimental procedure. If the concentration 
of DNA remains fairly constant per nucleus during most of the life of a cell 
and this nucleic acid is restricted to the nucleus, DNA would be the stand- 
ard of choice. The use of nucleic acid standards for determining metabolic 
activities of small amounts of surviving tissue was suggested by BERENBLUM 
et al. (1) and used by Davipson and Les.ig (7). The inadequacy of weight 
or nitrogen bases for this type of calculation is quite evident in a study of 
this kind in which there were definite weight differences during development 
of the control and tumorous tissues and nitrogen, particularly protein nitro- 
gen, accumulated during the terminal stages of tumor development. Fur- 
ther, this accumulation of nitrogen, occurring at the time that DNA was 
decreasing in amount per unit weight of tissue, t.e., the number of cells per 
unit weight were decreasing, indicates that the concentration of nitrogenous 
compounds per cell did not remain constant during tumor ontogeny. 

Whether the striking correspondence in the sequential gas exchange rates 
of normal and tumorous tissues when based on total phosphorus and DNA 
constitutes evidence that total phosphorus was in the same concentration in 
control and tumorous cells must await further study. If this suggestion is 
borne out in future research, it may be possible to refer gas exchange (and 
possibly other metabolic activities) preferentially to a total phosphorus 
base, 7.e., Qo,(P). This cell constituent is easily measured and determina- 
tions have the same accuracy as do those for nitrogen. 

Gas exchange rates and nitrogen and phosphorus fractions, calculated to 
the various bases used in this study, were converted to percentages of the 
control as advocated by MircHety et al (18). Although the scatter of 
points was somewhat reduced, the results of these calculations are not re- 


ported at this time since the method of presentation does not permit rapid 
comparison with the results of other workers. Without exception the con- 
clusions drawn from plots of these calculations were the same as those ob- 
tained by the more usual methods. 


It is important to determine whether there were any specific and charac- 
teristic changes in gas exchange upon tumor initiation. The sharp rise in 
the DNA level at this time, which is unrelated to cell numbers, prevented 
comparisons on this basis. When weight, nitrogen, and total phosphorus 
data were considered, the respiration of the incipient tumorous tissue was 
somewhat depressed and fermentation was increased. Since it will be re- 
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membered that in this study the percentage dry weight and stages of devel- 
opment of control and incipient tumorous tissue were the same at this time, 
the conclusion that fermentation was increased and respiration decreased 
upon the initiation of the neoplastic state appears to be valid. As noted in 
the section on the R.Q., there was an even more pronounced depression in 
the rate of aerobic COs production. 


The biochemical behavior of the tumor during the induction phase is of 


particular importance since, as demonstrated by Braun (2), normal host 
cells have received maximum tumor-inducing stimulus during this period, 
some stimulation occurring even in 36 to 48 hours. Both protein and soluble 
nitrogen levels were elevated in this time and total phosphorus had also in- 
creased above the control level. Especially noteworthy were the increases 
in DNA and protein phosphorus of the incipient tumor. All of these modi- 
fications in the composition of the stimulated tissues occurring before cell 
divisions were evident. The relation of these changes and the modifications 
of gas exchange rates to the processes leading to the establishment of the 
tumorous state are, at present, unknown. In view of the high energy of in- 
activation of Braun’s tumor inducing principle (3), the increases in protein 
phosphorus, protein nitrogen, and DNA are suggestive. 

The characterization of the tumor during the growth phase is most diffi- 
cult. The respiration of the tumorous tissue (tumor cells) during this period 
is at a higher level than that of comparable control tissues (control cells) 
and the modifications in the R.Q. suggests that the primary respiratory sub- 
strate has become different than that of the control. The rates of tumor 
fermentation also were above control levels. The proportion of protein ni- 
trogen to soluble nitrogen suggests that the dividing tumorous cell did not 
accumulate protein. No special changes were noted in the relative concen- 
tration of most of the phosphorus fractions although the production and/or 
accumulation of esters and acid soluble nucleotides was greatly accelerated. 
In attempting to evaluate the relations among protein nitrogen, RNA, and 
cell development, one is confronted by the lack of any direct experimental 
evidence for any more than a coincidental association of these factors in the 
tissues of higher plants. In a critical discussion of these phenomena, 
SPIEGELMAN and Kamen (30) state: “ While the experiments ... show 
that protein synthesis or modification is associated with marked changes in 
nucleotide synthesis, none can be interpreted to exhibit a rigorous causal re- 
lation between the two processes.’ Thus it can only be stated that the asso- 
ciation of these cellular components during the maturation phase of crown 
gall development parallels that found in other organisms. Prrrie (22) has 
reviewed the attempts to correlate protein synthesis in plants with changes 
in respiratory activity and concluded that, to date, these studies have not 
been marked with any great degree of success. Examinations of the curves 
relating to the changes in protein nitrogen of the tumorous tissue (fig. 2) 
and those concerned with the time-course of gas exchange calculated to total 
phosphorus (fig. 10) or DNA (fig. 11) standards show that at the time of 
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maturation of the tumor there were almost simultaneous increases in respi- 
ration and protein accumulation. This association of processes, too, cannot 
be definitely stated to be directed but is suggestive of more than a casual 
coincidence of a number of vital activities. 

The significance of the sequential changes noted among the various fac- 
tors and processes studied during the development of the control and tumor- 
ous tissues with regard to cause and effect are obscured by the lack of 
adequate information on their exact roles in the economy of the constituent 
tissues. Furthermore, the characterization of any of these developmental 
stages must be based on numerous structural, biochemical, and biophysical 
diagnostic aids since no one feature is capable of delimiting the facets of a 
growing, changing system or cell. Differences in structure, biochemical ac- 


tivity, and/or cell constituents are valid insofar as they are specifically re- 


lated to a particular phase in the development of normal or pathological 
tissues. Therefore, the level or activity of any cellular character will be a 
function of the chonological and physiological age of the tissue and its stage 
of development in addition to the conditions imposed by the experiment. 


Summary 


1. In an effort to compare some of the bioche:nical properties of normal 
and tumorous tissues of the tomato hypocoty! and to correlate these findings 
with the modifications in structure that occur during the development of the 
tissues, a study has been made of the nitrogen and phosphorus compounds, 
the structure, and the respiratory intensities of these tissues from the time 
of the induction of the crown gall until the flowering of the plants when the 
tumors stopped growing. 

2. During the first five days after inoculation or wounding of the tissues, 
i.e., the induction phase of tumor development, only rare cell divisions were 
noted in either control or incipient tumorous tissues. No differences in the 
percentage dry weight were observed. By the end of the induction period, 
there were significant increases in both protein and soluble nitrogen frac- 
tions of the tumorous tissue but no modification of the ratio between these 
constituents. Immediately after inoculation, there were increases in the 
concentrations of desoxyribonucleic acid, and protein phosphorus in the in- 
oculated tissues, and less marked increases in the concentration of the acid- 
soluble organic phosphorus compounds. In the wounded control plants, all 
nitrogen and phosphorus fractions examined showed the expected decrease 
in concentration when calculated on dry weight bases. Immediately after 
inoculation there was a slight depression in the rate of oxygen uptake of the 
pre-tumorous tissues as compared to the controls and a drop in the respira- 
tory quotient from 0.92 to 0.85. There was, however, a pronounced increase 
in the rate of fermentation of the incipient tumorous tissues. 

3. The period from the end of the induction phase until approximately 
20 days after inoculation was marked structurally by rapid cell divisions in 
the tumorous tissue. By the end of this growth phase of tumor develop- 
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ment, there appeared to be the maximum number of tumorous cells per unit 
weight or volume of tissue. Cell divisions about the point of wounding of 
the controls had ceased a week after inoculation. The percentage dry 
weight of the control tissues continued to increase during this and the sub- 
sequent period of development but that of the tumorous tissues became es- 
tablished at a constant value by the end of the growth phase. There was 
some evidence of the accumulation of nitrogen in the tumorous tissue, al- 
though the ratio between protein and soluble fractions maintained itself at 
close to the pre-induction value. A peak in the concentration of DNA per 
unit weight of tissue was observed by the end of the growth phase but histo- 
chemical measurements indicated that the amount of this nucleic acid per 
tumorous cell nucleus was the same as that of the control. The production 
and/or accumulation of phosphorus esters and acid-soluble nucleotides was 
accelerated in the tumor during this period. The respiration rate of the 
tumorous cells paralleled that of the control cells and was at a higher level. 
The respiratory quotient of the control tissues was approximately 1.0 but 
that of the tumor rose to 1.2. The rates of fermentation of the tumorous 
cells paralleled those of the control and were also elevated. 

4. The maturation phase of tumor development was structurally marked 
by tumorous cell enlargement and the formation of mature and dead ele- 
ments. The drop in the ratio between the nucleic acids during this period 
to that found in the control is, to some extent, a biochemical confirmation of 
the histologically observed maturation of the tumorous tissues. There was 
an association among protein synthesis, ribonucleic acid, gas exchange, and 
cell maturation in that the concentrations and/or rates of activity of all of 
them increased at the same time. 


This report is a continuation and extension of the studies on the metab- 
olism of neoplastic plant tissues begun by Professor G. K. K. Link and is 
the third in a series of papers. 
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In a preceding paper (4) data were presented showing the effects of 
storage temperature and variety on the carotene, total carotenoids and as- 
corbie acid content of sweetpotatoes. In this paper data regarding changes 
in these constituents during the harvest season, and the effects of the time of 
harvest on their behavior in storage are given. 

Sweetpotatoes may be harvested at any time after they reach market- 
able size. They do not mature in the same sense as do apples, wheat or 
white potatoes, which have a more or less definite period of growth and then 
cease growing regardless of weather and cultural conditions. Cessation of 
growth may be due to lack of moisture or nutrients, to low temperatures or 
to other unfavorable growing conditions, but in, the tropics or in a green- 
house sweetpotatoes may grow without interruption for years. The roots 


at harvest may therefore be growing vigorously, may have ceased growing 


entirely because of unfavorable growing conditions such as frost, or may be 
at any stage between these two extremes. 

rhe metabolic activity of roots harvested when the plant is actively as- 
similating nutrients and laying down new tissues and reserve materials 1s 
doubtless different from that of roots harvested when growth has ceased and 
the root is dormant. The metabolic rate of the roots might be much higher 
after eight or ten days in the curing room than at the time of harvest. 
There the high temperature and humidity are favorable not only to the pro- 
duction of wound periderm, but also to the resumption of vegetative activ- 
itv. The metabolic rate might be high during curing both in roots that had 
not been checked in growth before harvest and in those that had been 
checked, but the effects on the respective lots might be different. In the first 
case metabolie activity continues high throughout the period while in the 
second case the dormant root is stimulated into renewed activity after 
growth has ceased and life processes have slowed down. Activity at this 
time would probably stimulate development of adventitious buds and new 
shoots. In some cases sprouting occurs before the roots are harvested, 
probably as a result of a return of favorable growing conditions after a 
period unfavorable for growth. 


1 Present address: Smith, Kline, and French Laboratories, Philadelphia, Pennsylvania. 
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Some work regarding the effects of the time of harvest on the carotene 
content of sweetpotatoes has been done. ANDERSON ef al. (1) reported that 
Porto Rico sweetpotatoes produced by late planting contained less carotene 
than those produced by early and midseason planting. KimsBrouGu et al. 
(7) varied both the planting dates and the times of harvest of Porto Rico. 
They concluded that in southern Louisiana planting dates up to the middle 
of June are not likely to affect the carotene content of roots of marketable 
size and that roots dug early may be as high or higher in carotene than 
those from the same planting dug later. EpMonp ef al. (2) evaluated root 
color in the Porto Rico variety and concluded that in general the color of 
the flesh increased as time of harvest was deferred. EzeLt and Witcox (3) 
reported that carotene increased more rapidly with increasing depth of color 
of the flesh than did the non-carotene pigments. Changes in the ascorbie 
acid content of sweetpotatoes during the harvest season and the effect of 
time of harvest on the post-harvest behavior of carotene and ascorbie acid 
have not been reported previously. 


Material and methods 

Four varieties of sweetpotatoes were grown in 1949 on a Chillum sandy 
loam at the Plant Industry Station, Beltsville, Maryland, as described ear- 
lier (4). The varieties ranged in flesh color from the creamy white or light 
yellow of Yellow Jersey through the deeper yellow of Nancy Hall and Porto 
Rico (Unit I strain) to the deep orange of Orange Little Stem. Nine har- 
vests were made extending from mid-August, when only a few of the largest 
roots were of marketable size, through November, approximately one month 


after frost had terminated growth. Only one variety was harvested on each 


day. The roots were washed, held overnight at 60° F and analyzed the next 
morning. 

To determine the effect of time of harvest on the behavior of the caro- 
tenoids and ascorbic acid in storage, sufficient roots were harvested, cured 
and stored at the third (early), fifth (midseason) and seventh (late) har- 
vests to permit periodic analyses during storage. The third harvests were 
made between September 6 and 15, approximately one month before the 
usual commercial harvest of sweetpotatoes for storage in this area, but at a 
time when the roots might be harvested for early market or home use. The 
midseason harvests, made between October 3 and 12, represented good com- 
mercial harvests before frost in this area. The late harvests were made be- 
tween November 1 and 7, five to 11 days after frost had killed the foliage. 
Whether these three harvests represent a decreasing order in rates of growth 
and of metabolic activity is not known. It seems safe, however, to assume 
that appreciable differences existed in roots harvested approximately four 
weeks apart and that roots from the late harvests were less active than those 
harvested earlier. 

Sweetpotatoes require a warm temperature. Harrer and WuitNey (6) 
reported that sweetpotatoes plants held at 50° F turned a yellow sickly 
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color in three or four days and gradually died. At 59° F no growth took 
place but the plants were able to hold their own except for occasional yel- 
lowing of some of the lower leaves. Harter and Whitney concluded that the 
minimum temperature for growth of the plants was between 59 and 68° F. 
Even storage roots are injured if held continuously at 50° F or below. At 
the midseason harvest for storage a few of the leaves were beginning to turn 


a little yellow, which indicated less favorable growing conditions. However, 
the average daily mean temperature during this period was 67° F compared 
with 66° F at the early harvests. The late harvests were made after the 
foliage was killed by frost. 

The methods and general procedure used in this study were the same as 
previously described (4). All lots were cured at 85° F for eight days and 
then stored in the same room at a constant temperature of 60° F. The 
carotene, total carotenoid and ascorbie acid contents for each sample as re- 
ported are based on duplicate determinations on each of ten replicates of 
five or more roots each, a total of 50 roots or more. The carotenoid pig- 
ments were calculated back to the weight at harvest and are reported on 
this basis. Ascorbic acid is reported on the fresh weight basis at time of 
analysis. Values departing significantly at the 1% level from the curves 
in the figures are marked with a double asterisk. 


Results and discussion 
CHANGES DURING THE HARVEST SEASON 


The carotene, total carotenoid pigments, and ascorbic acid contents dur- 
ing the harvest season are shown in figures 1 to 4. Varieties differ in their 
manner of growth. Some varieties such as Yellow Jersey and Orange Little 
Stem form many miniature sweetpotatoes early in the season and these en- 
large as the season advances. In other varieties such as Naney Hall and 
Porto Rico a general enlargement along a main root usually takes place, 
resulting in a longer and heavier sweetpotato by the time a characteristic 
spindle shape is developed. In the early stages of enlargement such roots 
are often referred to as strings and these were not included in the samples. 

At the first harvest few roots per plant were of acceptable size. The 
average weights of those used were 26, 36, 83 and 86 gm. respectively for 
Yellow Jersey, Orange Little Stem, Nancy Hall and Porto Rico. While 
these roots were small, it was not believed that the size of the root was of 
major importance in determining the carotenoid content. This was indi- 
cated in Orange Little Stem; the average weight of the roots used at the 
first harvest was 36 gm. A second sample of smaller roots, taken at the 
same time (average weight of 11 gm.) contained 93% as much carotene and 
total carotenoids per unit weight as did the larger roots. This small differ- 
ence in carotenoid content between the two sizes was statistically highly 
significant, but since the larger roots were over three times as heavy as the 
smaller roots, size was not considered as a major factor in determining the 
carotenoid content even this early in the season. 
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Fic. 1. Changes in the ascorbic acid, carotene and total carotenoid pigments of 
Yellow Jersey sweetpotatoes during the harvest period. 


The harvest period covered in this study extended over a much longer 
period than is commercially feasible at this latitude. A grower digging even 
as early as our third harvest would be penalized heavily in yield, and few 
growers would dare leave roots in the ground long after frost had killed the 
foliage. The usual harvest period in this area is better represented by our 
fifth, sixth and seventh harvests, the period from the time at which the ear- 
liest frosts may be expected to about 10 days after the average date of first 
frost. 

While the more deeply colored varieties increased in carotenoid pigments 
much more rapidly than the paler ones, both carotene and total carotenoids 
increased in all varieties as the season advanced; reached a maximum and 
then declined late in the season as climatic conditions became progressively 
less favorable for growth. Except for Yellow Jersey the same was true of 





-_ ————— ss 


FROST 


vs 


OCT 


SEPT 


o—-—-—c ASCORBIC ACID a * TOTAL PIGMENT _ © CAROTENE 


Fic. 2. Changes in the ascorbic acid, carotene and total carotenoid pigments of 
I 
Nancy Hal! sweetpotatoes during the harvest period. 
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Fic. 3. Changes in the ascorbic acid, carotene and total carotenoid pigments of 


Porto Rico sweetpotatoes during the harvest period. 
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Fic. 4. Changes in the ascorbic acid, carotene and total carotenoid pigments of 
Orange Little Stem sweetpotatoes during the harvest period. 
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ascorbic acid. In this variety the ascorbie acid content at the first harvest 
was about the same as in the other varieties, but it failed to increase ap- 
preciably and after the fifth harvest it declined as it did in the others. 

The rate of decline in ascorbic acid late in the season differed among the 
varieties. The roots of Yellow Jersey and the Orange Little Stem tend to 
grow in clusters near the surface and probably had less protection from the 
cold than those of the other varieties. This is indicated by approximately 
one half of the roots of these two varieties showing visible injury and being 
discarded at the last harvest. The Nancy Hall and the Porto Rico tend to 
be distributed more widely and deeply in the soil and showed comparatively 
little visible injury at the last harvest. Yet Porto Rico contained only 47% 
as much ascorbic acid at that time as it had earlier, while Nancy Hall con- 
tained 83% as much; Yellow Jersey contained 60% and Orange Little Stem 
32% of the maximum present earlier in the season. 

While the general trend of the carotene, total carotenoids and ascorbic 
acid contents during the harvest season thus appears to be fairly well.estab- 
lished, there were individual fluctuations between sampling dates that we 
are unable to ascribe to definite causes. Some of these were statistically 
highly significant. They may be due to growing conditions and reflect the 
response of the roots to definite factors favorable, or unfavorable, to their 
growth and the accumulation of these constituents. Growing conditions 
might well be the reason for the decreases observed in ascorbic acid between 


the first and second harvests. But when a decrease occurs in one variety 


while an increase occurs in another as happened with carotenoids in Nancy 
Hall and Orange Little Stem at the seventh harvest the connection, if any, 
is more obscure; but the possibility is not eliminated. If ascorbic acid and 
carotene are used in the metabolism of the plant, as has been repeatedly 
suggested, a marked change in the metabolic rate of the roots might cause a 
change in these constituents also. Only one variety was harvested on each 
day and no data are available as to what the other varieties would have 
shown on those days. Nor are there any data to show that roots of differ- 
ent varieties respond to changes in environmental conditions at the same 
rate. 

It may be that some of the variation is due to sampling procedure. The 
samples used in this study are perhaps less representative of the population 
than those used in the storage studies. Here several roots for the sample 
often came from each of a comparatively small number of plants while 
many more plants were harvested to make up the storage lots and the sam- 
ple is likely to have been made up from a greater number of plants. Com- 
paratively little is definitely known regarding the factors governing the 
development of the roots or the accumulation of ascorbic acid and caro- 
tenoids in sweetpotatoes. It is generally believed that warm nights, as well 
as warm sunny days are conducive to rapid growth of the roots, but few 
data are available as to whether accumulation or depletion of these constit- 
uents occurs simultaneously or subsequently. There is some evidence that 
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changes in ascorbic acid follow changes in metabolic rate and that the as- 
corbic acid content may even decrease temporarily while the metabolic rate 
is increasing. Ascorbic acid normally tends to be more concentrated in the 
more active tissues, yet young sprouts, mostly one inch or less in length, 
were found to contain far less ascorbic acid than the mother roots from 
which they came. Two individual samples showed 1.33 and 0.27 mg. as- 
corbie acid per 100 gm. of sprouts compared with 17 mg. per 100 gm. in the 
mother roots, although the metabolic rate in the young shoots must have 
been high. 

To determine what effect a rapid change in metabolic rate would have 
on the ascorbie acid content, roots were transferred late in the storage sea- 
son from 60 to 85° F at high humidity. These conditions are comparable 
with those during the curing process, the latter normally resulting in a 
rather rapid loss of ascorbic acid. The roots placed at the higher tempera- 
ture sprouted readily and profusely, indicating greatly accelerated meta- 
bolic activity. Sprouts from sweetpotatoes generally appear first and most 
profusely near the proximal end and then in progressively decreasing num- 
bers farther back. Different portions of the root may therefore vary in de- 
gree of metabolie activity and in the time at which changes in ascorbie acid 
would be evident. For this reason the roots were divided into proximal, 
center, and distal sections at time of sampling, each including about one 
third the length of the root. Each of these sections was then treated as a 
separate sample, the number of roots, replicates, and procedures being the 
same as described for whole roots. Our supply of roots for these tests was 
very limited and our timing did not always show an initial decrease and 
subsequent increase of ascorbic acid at the higher temperature. A larger 
supply of the Yellow Jersey variety than of the others permitted a greater 
number of samples to be taken and the ascorbic acid results for this variety 

TABLE I 


CHANGES IN THE ASCORBIC ACID CONTENT OF YELLOW JERSEY SWEETPOTATOES 
DURING SPROUTING FOLLOWING TRANSFER FROM 60 TO 85° F. 





Proximal section Center section Distal section 





Treatment Number Ascorbic Number Ascorbic Number Ascorbic 
of acid of acid of acid 
sprouts mg./100 gm. sprouts mg./100 gm. sprouts mg./100 gm. 





Check, 60°F 0 0 0 13.0 

@ days at 85° 227 59 8 10.9 
15 days at 85° 433 143 31 13.9 
21 days at 85° 9594 189 13.3 
28 days at 85° __.... 194 d 11.5 


L.S.D.* 
5% 


1.0 
1% 1,3 





*Least significant difference. 
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together with the number of sprouts on the different sections when sampled, 
are given in table I. The sprouts were not included in the samples used for 
ascorbic acid. Toward the end of the test. many sprouts occurred on the 
proximal end in large clusters that made accurate counting difficult. On 
the distal section there were fewer sprouts than on the other sections, but 
in many cases the distal section bore fibrous roots 

The proximal section contained significantly less ascorbic acid at time of 
transfer than the other two sections. After eight days there was a slight, 
but not significant, increase in ascorbic acid in the proximal section and 
significant decreases in the other two sections. All sections showed an in- 


crease after 15 days and a gradual decrease thereafter as the stored reserve 


material was depleted. The number of sprouts showing after eight days, 


together with the initial decrease in ascorbic acid in the central and distal 
sections, followed by a later increase in all sections, supports the view that 
increases in ascorbic acid may follow increased metabolic activity rather 
than occur simultaneously. Be that as it may, the results indicate a rela- 
tionship between ascorbic acid content and metabolic activity in plant tissue. 
It may be that the variations, the apparent departures from the normal 
curve during the harvest season, reflect actual changes in the metabolism of 
the roots, but with our present knowledge of the factors governing the 
growth of the roots, and the production and utilization of ascorbie acid and 
carotenoid pigments, we are unable to associate the variations with any 
specifie cause or effect. 
EFFECTS OF TIME OF HARVEST ON POST-HARVEST BEHAVIOR 


The effects of time of harvest on the post-harvest behavior of carotene, 
total carotenoid pigments and ascorbie acid contents are shown in figures 5 
to 8. From these results it is evident that pre-harvest conditions may affect 
the post-harvest behavior of the carotenoid pigments. With the exception 
of Nancy Hall, roots harvested early and at midseason increased in caro- 
tene and total pigments to a much greater degree than did those harvested 
late. Only in Yellow Jersey was a significant increase found in sweetpota- 
toes from the late harvests and this increase was relatively small. Caro- 
tene increased 39% from the late harvest compared with 366 and 473% 
respectively from the early and midseason harvest; total pigments increased 
9° at the late harvest, significant at the 5% but not at the 1% level. 

The reason for the failure of the late harvested roots to synthesize caro- 
tenoid pigments in appreciable quantities is not known. However, it is well 
known that sweetpotatoes are subject to chilling injury at temperatures well 
above freezing. The Porto Rico, Yellow Jersey, Nancy Hall and Orange 
Little Stem roots were harvested on November 1, 2, 3 and 7, respectively. 
Soil temperature records are not available, but the minimum air tempera- 
tures recorded prior to these harvests were 29° F on October 27 and 28 and 
21° F on November 6. Mean temperatures for the same dates were 48, 44 
and 34° F. It seems probable, therefore, that the roots were sufficiently 
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Fic. 5. The effect of time of harvest on the carotene, total carotenoid pigments, 
and ascorbic acid content of Yellow Jersey sweetpotatoes at harvest, after curing, and 
during storage at 60° F. 
chilled before harvests to affect permanently the mechanism responsible for 
the synthesis of the carotenoid pigments. A few roots that failed to reach 
the critical temperature could account for the small increases noted in 
Yellow Jersey. 

Another possible reason for the failure of the late harvested roots to in- 
crease in carotenoid pigments is that some substance detrimental to the 
roots may be passed from the frost-injured vines into the roots. This belief 
is responsible for the recommendation sometimes made that the vines should 
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Fic. 6. The effect of time of harvest on the carotene, total carotenoid pigments, 
and ascorbic acid content of Nancy Hall sweetpotatoes at harvest, after curing, and 
during storage at 60° F. 
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be severed from the roots if it is impossible to harvest the sweetpotatoes 
shortly after the foliage has been killed. While there seems to be few data 
to support this hypothesis, the opinion is still sometimes heard. 

From the results with Nancy Hall harvested at different periods (fig. 6) 
it is again indicated that this variety is physiologically different from the 
other varieties studied. Carotene but not total pigments increased during 
curing of the early harvested lot; neither increased during curing and stor- 
age of the later harvests. The results from the early harvest confirmed our 
previous results which showed an increase in carotene during curing but no 
increase in total pigments (3). These facts suggest that after harvest the 
Nancy Hall roots are capable of synthesizing carotene from the immediate 
precursors, but probably are unable to synthesize the complete molecule. 
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Fic. 9. The effect of time of harvest on the loss in weight of 4 varieties of sweet- 

potatoes during curing and in storage at 60° F. 
Whether the carotene content of a particular lot increases after harvest 
would thus depend upon the amount of the immediate precursor present at 
time of harvest, which in turn probably would depend upon pre-harvest con- 
ditions. MacLrop and Utriey (9) found an increase in Nancy Hall roots 
during one year, but later when the variety did not show an increase in 
carotene during two years in succession MacLrop (8) concluded that Nancy 
Hall roots did not increase in carotene during storage. 

Rather wide differences in carotene and total carotenoid pigments are 
evident between sampling periods in the middle and late harvested lots of 
Porto Rico roots. These differences as discussed previously (4), are prob- 
ably associated with the occurrence of internal cork with which these roots 
were found to be affected in late storage. The fact that the roots harvested 
early varied less than those harvested later gives additional support for the 
belief that the roots were not affected with internal cork until late in the 
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growing season. No indication of internal cork was observed at harvest, 
after curing or early in the storage period, but it was evident late in storage. 

Time of harvest had relatively little effect on the behavior of ascorbic 
acid during storage. Rather rapid losses occurred during curing and in 
early storage, but time of harvest had no clear cut effect on the rate of these 


losses. 


The per cent. loss in weight during curing and in storage is shown in fig- 


ure 9. Pre-harvest environmental conditions appear to affect the loss in 
weight during curing, but earliness or lateness of harvest is not the primary 
factor governing these losses, as evidenced by the behavior of the different 
varieties. The rainfall preceding harvest (or soil moisture content) appar- 
ently is an important factor and appeared to bear a closer relationship to 
loss of weight during curing than any other factor readily evident. Earli- 
ness or lateness of harvest had no consistent effect on the moisture content 
of the roots either at time of harvest or during storage. 

While the pigments of sweetpotatoes are composed of both carotene and 
non-carotene carotenoids, differences in flesh color are due primarily to dif- 
ferences in the carotene content. The maximum difference in non-carotene 
pigments between samples, treatments and varieties, amounted to about half 
a milligram per 100 gm. of tissue, while differences in carotene exceeded 
7 mg. The varietal averages at harvest, after curing, and after storage 
for varying periods of time, differed in non-carotene pigments by only 0.16 
mg. (table Il). Three of the varieties, including the lightest and the 
deepest colored flesh, varied by only 0.03 mg. or less than 5% in pigments 
other than carotene. However, the variations within a variety, between 
samples, and between treatments were relatively large. This might be 
expected since the non-carotene fraction would probably include pigments 
in intermediate stages of synthesis and of degradation of the carotene 
molecule, as well as other carotenoid pigments. Changes in these constitu- 
ents probably are not all regulated by the same factors and probably do 
not take place at the same rate, but reflect the sum total of all the effects 
of time, treatment, variety and condition of the individual roots used in the 
sample. The data for each variety in table II are from 10 samples taken in 
duplicate at harvest, and after curing. The storage lots are based on six 
times of sampling (unless otherwise noted) each with 10 samples taken in 
duplicate. The average for each variety is thus based on approximately 240 
samples of five or more roots each. 

In a previous paper (4) data were presented showing that roots stored 
continuously at 50° F did not increase in carotenoid pigments, while there 
were increases at higher temperatures. Storage at 50° F also caused roots 
to become more susceptible to decay organisms and thereby reduced the 
storage quality. The late harvested roots from Porto Rico, Yellow Jersey, 
and Nancy Hall varieties kept well in storage. In the late harvested Orange 
Little Stem a few decayed roots were present in late December and the de- 
cayed roots were discarded. Very little decay developed thereafter and the 
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TABLE II 


THE NON-CAROTENE CAROTENOID CONTENT OF SWEETPOTATOES AS 
AFFECTED BY VARIETY, TIME OF HARVEST, CURING 
AND STORAGE. 





Non-carotene pigments (mg./100 gm.) 
Variety and treatment eee 


Early harvest Middle harvest Late harvest Average 








Yellow Jersey 
At harvest 0.56 0.54 0.58 
After curing -76 +74 -58 
From storage 095 91 58 


Average -76 -73 -58 








Nancy Hall 
At harvest 94 -76 -63 
After curing 73 +73 67 
From storage -74* 67 56 
Average 80 72 -62 





Porto Rico 
At harvest 75 .93 
After curing 
From storage 


Average 





Orange Little Stem 
At harvest 
After curing 56 
From storage 


Average -68 





Average all varieties 
At harvest 73 
After curing -78 
From storage 85 





Average 79 





*Five samples from storage instead of six. 
**Three samples from storage instead of six. 


variety was held at 60° F until late May. The other varieties were held 
until June without any appreciable indication of impaired keeping quality. 
The only ill effect noted was their failure to increase in carotenoid pigments 
after harvest. Whatever the cause, it appears that the failure to synthesize 
carotenoid pigments or a reduction in rate of synthesis in roots after harvest 
may be the most sensitive measure of physiological injury of sweetpotatoes 
yet reported. 

In the present study, post-harvest losses of ascorbic acid were somewhat 
greater than were found previously (5). At that time, the maximum post- 
harvest losses were approximately one third of the amount at harvest, while 
in the present study the average amount in storage was nearer 50% of that 
at harvest. 
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Summary 
Yellow Jersey, Nancy Hall, Porto Rico, and Orange Little Stem sweet- 
potatoes were harvested at nine times between mid-August and late Novem- 
ber. The ascorbic acid, carotene, and total carotenoid pigments were deter- 
mined at each harvest. 


Carotene and total carotenoid pigments increased in the first part of the 


harvest period and then decreased; the maximum concentration usually oc- 


curred about the time of the usual commercial harvest for storage purposes. 

The ascorbic acid content followed a pattern somewhat similar to that 
of the carotenoids in the Nancy Hall, Porto Rico, and Orange Little Stem 
varieties but the Yellow Jersey showed little change when the others were 
increasing. All varieties decreased in ascorbic acid late in the period. 

Roots from the third (early), fifth (midseason) and seventh (late) har- 
vests were cured, stored at 60° F and analyzed at intervals during the stor- 
age season. 

The time of harvest (early, mid-season, or late) appears to be of less 
importance in determining the post-harvest behavior of the carotenoid pig- 
ments than do pre-harvest environmental factors. 

In the Nancy Hall variety the only increase in carotene after harvest 
occurred during curing of roots from the early harvest. Total carotenoids 
did not increase after harvest in this variety. The roots of other varieties 
from the early and midseason harvests increased in both carotene and total 
pigments, but relatively little if any increases occurred in roots harvested 
after frost had killed the foliage. 

Time of harvest had relatively little effect on the behavior of ascorbic 
acid during storage. 

Complete or partial loss of the ability to synthesize carotenoid pigments 
after harvest appears to be a sensitive measure of physiological injury to 
sweetpotatoes. 
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Introduction 


The many and varied responses of plants to light have stimulated an 


interest among plant physiologists in leaf absorption spectra. The discovery 


by Hacenpacu (4) of the differences in the absorption spectra of leaf ex- 
tracts and leaves has led to recognition of the fact that absorption spectra 
of leaves are not predictable from the spectra of their extracts. More recent 
work by SEYBOLD and WEISSWEILER (16, 17) has further emphasized this 
fact by showing that leaves which differ widely in their pigment content 
may show similar absorption spectra. 

The measurement of leaf absorption spectra is not a simple problem. 
The optical difficulties involved have been discussed by several workers (11, 
14, 15, 7, 18) who have emphasized that the problem consists essentially in 
measuring the diffuse light reflected from and transmitted through the 
leaves. If the amounts of flux incident upon, transmitted and reflected by 
the leaf are known, the absorption may be readily calculated from the equa- 
tion A=I- (T t R), where A, 3 T and R refer to the flux absorbed, inci- 
dent, transmitted and reflected respectively. It should be emphasized that 
the reflected and transmitted light is scattered in all directions by the leaf 
surfaces and by the tissue interfaces. It is, therefore, necessary to obtain 
an integrated measure of this reflected and transmitted light; and, as several 
workers have pointed out, the integrating sphere is well adapted for this 
purpose. 

A study of the extent to which the reflected and transmitted light con- 
form to the cosine law for a perfect diffusing surface has been made by 
Dincer (2), and some of his unpublished data are presented here (figs. 1 
and 2). It is evident that the reflection curve for these leaves conforms 
closely to the cosine law, and the transmission curve conforms less closely. 
Both curves indicate a large amount of scattering. 

Probably the most extensive study of leaf absorption spectra is that of 
SryBoLp and WeIsSWEILER (16, 17). These workers used the Hardy auto- 
matic recording spectrophotometer which, although limited to the visible 
spectrum, is nearly ideal for this type of work. With this instrument, both 
reflection and transmission can be accurately and quickly measured, with 


1 Journal Paper no. J-2017 of the Iowa Agricultural Experiment Station, Project 
1139. The earlier phases of this work were aided by a grant from the National Research 
Council Committee on Radiation and Organisms 
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the integrating sphere principle. Absorption spectra were obtained for 
leaves of several species as well as for algal thalli. Normal leaves, water- 
infiltrated leaves and Chlorella suspensions showed an absorption maximum 
at about 680 mp and a minimum at about 550 mp. Dipping the leaves in 
boiling water or in ether for a few minutes shifted the absorption maximum 
to about 672 and 663 my respectively. A colloidal pigment preparation also 
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Fic. 1. (Above) Scattering of transmitted and reflected light by pansy leaves. 


Fic. 2. (Below) Scattering of transmitted and reflected light by green Coleus 
le aves. 


showed a slight shift in this absorption maximum. Comparisons between 
the absorption spectra of leaves grown in the shade and in the sun, and 
between normal and aurea leaves showed striking similarities. 

More recently, Rasipeau et al. (12) have employed the integrating 


sphere technique to make qualitative comparisons of absorption spectra of 


leaves, chloroplast suspensions and disintegrated chloroplast suspensions. 
With their apparatus they were able to extend the region investigated to 
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800 mp. With one exception, the leaves showed an absorption maximum 
between 670 and 680 mp and a minimum at 540 to 560 my. A leaf of 


Ananas gave a broad band in the red with an apparent maximum at 660 mp. 
With most leaves, minor bands were evident at 600 to 620 and 640 to 660 
mp. The chloroplast and disintegrated chloroplast suspensions gave absorp- 


tion spectra qualitatively similar to those of the leaves, but the bands were 
more sharply defined. 

The present investigation was made with three purposes in mind. The 
first was to make a study of both the reflection and absorption character- 
istics of leaves and the effects of unusual leaf surfaces and of differences in 
leaf color. The second was to determine the effects on absorption spectra 
of dipping the leaves in boiling water and in ether, and of infiltrating the 
leaves with water. Some data relative to the effects of such treatments 
have already been reported by SeyBotp and WeissweILer (16,17) but have 
not as yet been confirmed by other investigators. The third purpose was to 
make a comparative study of the spectra of leaves, leaf extracts and chloro- 
plast and disintegrated chloroplast suspensions. The extracts and suspen- 
sions were to be of such concentration that, when examined in a l-em. ab- 
sorption cell, the quantity of pigment per unit cross-sectional area of light 
beam would be equal to that obtained with the leaf sample. In this manner 
the effect on absorption spectra of other variables than pigment quantity 
could be ascertained. 


Materials and methods 


The reflection data shown in figures 5 and 6 were obtained by means of 
a Razek-Mulder recording spectrophotometer. This instrument utilizes a 
diffuse light source, and the reflection normal to the leaf surface is measured 
by a phototube. The output from the phototube is fed to a galvanometer, 
and the galvanometer deflection is amplified optically and recorded photo- 
graphically. The transmission data in figure 6 were obtained by clamping 
the leaf to a Weston photocell and exposing the leaf to the beam from a 
monochromator. The photocell output was fed to a galvanometer and the 
deflection read from a scale. Incident intensity was obtained by reading 
the deflection with the leaf removed from the front of the photocell. The 
absorption percentages were obtained by subtracting the sum of the reflec- 
tion and transmission percentages from 100. 

The data shown in the other figures were obtained with a spectropho- 
tometer which was constructed specially for this work. The light souree 
consisted of a projection lantern equipped with a 500 watt lamp. The 
monochromator was a single-prism instrument fitted with quartz optics. An 
integrating sphere, 25.5 em. in diameter, was attached directly to the exit 
slit housing of the monochromator and held in place by a clamp and flange. 
The inner surface of the sphere was finished with a paint described by WALSH 
(20) which gives a white matt surface as required in sphere photometry. 

The leaf specimen was held in the center of the sphere by a rectangular 
holder which was pivoted to permit swinging the leaf out of the light beam 
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when desired. The sample was trimmed to fit the holder and always in- 
cluded the midrib or a primary vein which fitted into a slot at one side of 
the holder and projected into a small cup of water. By this means the 
tendency of the sample to dry out while the measurements were being taken 
was greatly decreased. 

An RCA type 1P-22 photomultiplier tube was used as the detector. It 
Was mounted in the bottom of the sphere in such a manner that only re- 
flected light from the sphere walls could strike the photocathode. The 
voltage supply for the tube consisted of a stabilized electronic power supply 
which provided a potential of from 900 to 1000 volts DC between the cath- 
ode and ninth dynode, and a separate 45 volt battery for the last stage 
between the ninth dynode and the anode. A complete description of this 
apparatus has been given by Moss (9). The output was read directly by 
means of a microammeter. 

The present investigation was confined to the visible spectrum. The 
slits were adjusted to a calculated band width of 10 my throughout the 
spectrum, and readings were made every 10 mp. Duplicate or triplicate 
determinations were made for each of the species, treatments or prepara- 
tions, and either a mean value or a representative curve was chosen to be 
presented here. Three measurements were necessary at each wavelength 
setting to obtain the leaf absorption spectra. A reading with the sample in 
the sphere but out of the light beam gave a measure of the incident flux. 
A reading with the sample in the light beam gave a measure of the com- 
bined transmitted and reflected fluxes. The amount of flux reflected was 
measured by taking a reading with the sample in the light beam but with 
a metal clip directly behind it. This clip was painted a dull black on the 
side facing the leaf and white on the other side. Absorption was calculated 
from the equation A=I-—(T+R), where A, I, T and R refer to the flux 
absorbed, incident, transmitted and reflected respectively. 

The absorption spectra of the extracts were measured in the same ap- 
paratus by placing first the solvent, then the extract, in a 1 em. Beckman 
absorption cell which was mounted between the exit slit of the monochro- 
mator and the sphere. The spectrum was scanned three times with the 
solvent in the cell, then three times with the extract in the cell. Readings 
were taken every 10 mp, and mean values computed. The absorption was 
calculated by taking the difference between the transmission of extract and 
solvent and expressing this difference as a percentage of the transmission 
shown by the solvent. This method involves the customary assumption that 
the refractive indices of solvent and extract are essentially the same. A 


similar procedure was followed in measuring the absorption spectra of the 
chloroplast and disintegrated chloroplast suspensions, except that the cell 
containing the suspending medium or suspension was mounted in the leaf 
holder in the center of the sphere. A correction for reflection from the cell 
and suspended chloroplasts was made by blocking off the transmitted light 
with a piece of dull black paper. Several tests were made to determine the 
accuracy which could be expected from the apparatus. All indicated that 
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the amount of scattered light was negligible, and that instrumental errors 
were within the limits required. Transmission curves obtained with the 
apparatus described above and with a Beckman spectrophotometer checked 


within 2, except in steep portions of the curves where the discrepancy was 


attributable to band width differences. 

Most of the plant material used was grown in the greenhouse. Care was 
taken to avoid drying or deterioration of the material prior to the determi- 
nations. Unless otherwise stated, the sample was mounted in the sphere in 
such a manner that the light was incident on the upper surface of the leaf. 
The leaf extracts were prepared by essentially the same method as that used 
by SeYBoLp and WEIsSWEILER (16, 17). Twenty-five square centimeters of 
leaf tissue were extracted with methanol and the extract made up to a vol- 
ume of 25 ml. The extracts were stored in the dark at zero degrees centi- 
grade, and analyzed as soon after the extraction as feasible. 

The chloroplast suspensions were prepared by a modification of the 
method reported by GorHAM and CLENDENNING (3). The filtered brei was 
centrifuged for 10 minutes at 300 to 350 g. to eliminate the large particles, 
and the chloroplasts were thrown down by centrifuging 10 minutes at 2000 
g. and resuspended in 0.5 M sucrose. The disintegrated chloroplast suspen- 
sions were prepared by grinding the leaf laminae for 10 minutes in a mix- 
ture of ice and distilled water with the Waring Blendor. The material 
thrown down by centrifuging 10 minutes at 4000 g. was discarded, and that 
which was thrown down at 20,000 g. was resuspended in distilled water and 
kept for analysis. The suspensions were made up to a volume such that 
they would Imve the same quantity of pigments per unit volume as the ex- 
tracts. This was done by centrifuging the solid material from an aliquot 
of the suspensions, extracting this material with methanol, and comparing 
the extract with the equal-area leaf extract using a Duboseq colorimeter. 
From this comparison, the proper dilution factor for the suspension was cal- 
culated. As a result, the leaves, leaf extracts, chloroplast suspensions and 
disintegrated chloroplast suspensions were all comparable as to quantity 
of pigment per unit cross-sectional area of light beam. 


Experimental results 


Absorption and reflection spectra for several species were obtained; but, 
because of their similarity, not all of them are presented here. The results 
obtained with six species are shown in figure 3. Bean, spinach, Swiss chard 
and tobacco were chosen as representative of species having relatively thin 
leaves with no unusual surface characteristies. A considerable uniformity 
in their absorption and reflection spectra will be noted, with the exception of 
the high reflection and low absorption shown by tobacco in the neighbor- 
hood of 550 mp. The absorption minimum at 550 mz, the points of inflec- 
tion at about 600 and 630 mp, the maximum in the neighborhood of 680 mp 
and the sharp drop beyond 680 mp are typical of most of the species exam- 
ined. Much less detail is shown in the absorption spectra at the shorter wave- 
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Fic. 3. Absorption and reflection of light by leaves of six species, together with 
smoothed average curves for bean, spinach, Swiss chard, and tobacco. Reflection of 
green light (550 mu) averaged 17% and absorption 62%. 








lengths. The heavy lines represent the mean values of the absorption and 
reflection spectra of the four species. It should be noted that the curves of 
reflection and absorption are roughly complementary, although less detail 
is shown by the reflection curve. 

Ficus was chosen to represent the thick, heavily pigmented type of leaf. 
As compared with the more normal type, it showed high absorption across 
the entire visible spectrum, with the absorption bands less clearly defined 
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and with less difference between the absorption at 550 and 680 mp. The 
absorption peak in the red was spread out between 660 and 680 mp. The 
reflection was correspondingly low and showed relatively little variation. 

The effect on absorption and reflection spectra produced by the presence 
of a highly reflecting material on the leaf surface is shown by the curves for 
cabbage. Reflection was 8 to 28% higher than the mean curve for the four 
normal species. Absorption was low, though not so low as tobacco in the 
region of 500 to 680 mp. Part of this difference can be attributed to the fact 
that the reflection curve for tobacco showed greater variation in this region. 
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Fic. 4. Absorption and reflection of light incident on the upper, dark green, or 
lower, white, surface of white poplar leaves 


The effect of surface character is shown even more strikingly by the 
curves for white poplar in figure 4. These were obtained with the light in- 
cident first upon the upper, then the lower surface of the leaf. The differ- 
ence in the absorption curves can be accounted for almost quantitatively by 
the difference in reflection. It should be noted that the absorption curve 
for the light incident upon the upper surface follows the general pattern set 
by the curves in figure 3, but is intermediate between that of such species 
as spinach and that of Ficus. 

The relationship between leaf color and reflection spectra is shown in 
figure 5. It is interesting that yellow and orange leaves show greater reflec- 
tion in the green than does the green leaf. However, the high reflection 





MOSS AND LOOMIS: ABSORPTION SPECTRA OF LEAVES 377 


throughout the yellow and red accounts for their characteristic colors. Re- 
flection in the blue is nearly the same for leaves differing greatly in their 
apparent color. It should be remembered that reflection from leaves is 
made up of two components. One is the reflection occurring at the first air- 
cuticle interface, which probably is fairly uniform throughout the spectrum. 
The other is the reflection occurring at interfaces within the leaf. This see- 
ond component of reflection is subjected to selective absorption by the ma- 
terials through which the light must pass, and accounts largely for the 
spectral character of the reflection curves. This point is supported by the 
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Fic. 5. Reflection spectra of green and fall colored leaves 


curves for infiltrated leaves in figures 10 and 11, which show that ingiltration 
reduces the internal reflection and thereby tends to flatten the curve. 

Figure 6 shows the reflection, transmission and absorption for yellow 
leaves. It will be noted that the transmission and reflection curves are 
similar and of the same order of magnitude. Both are complementary to 
the absorption curve. 


ABSORPTION AND REFLECTION SPECTRA OF TREATED LEAVES 


The effect of boiling upon the absorption spectra of leaves is shown in 
figures 7 and 8 for bean and Kalanchoe. The spectrum of the crude meth- 
anol extract is included in figure 7 for comparison. The relatively high 
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concentration of acids in Kalanchoe leaves makes the preparation of pig- 


ment extracts difficult. The effect of boiling the bean leaf was principally 
to decrease its absorption in the region beyond 480 my and to shift the posi- 
tion of the absorption peaks toward the blue. There was a significant de- 
crease in reflection beyond 520 mp. The decrease in absorption and reflee- 
tion can be attributed to a partial filling of the air spaces in the leaf by 
water. The shift in the spectrum was most noticeable in the far red, and 
caused the peak to move to a position intermediate between that for the 
normal leaf and the extract. 














Fic. 6. Average transmission, reflection and absorption spec for a number of 
yellow le aves. 


The spectrum of the boiled Kalanchoe leaf showed a different pattern, 
although the blue shift in the peak at 680 mp was evident. In the absorp- 
tion curve for bean there were suggestions of absorption bands at 500, 580 
and 620 mp. In the curve for Kalanchoe there was no suggestion of a band 
at 480 my; a new band was found at 540 mp, and one at 620 mp. Even 
more striking were the shift in the absorption minimum from 550 to 585 my 
and the increased reflection in the red. It would be difficult to arrive at an 
adequate explanation for these differences without careful chemical and 
spectrophotometrie work. A probable explanation may be found in the high 
acid content which leaves of succulents often contain. With heating, this 
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acid could lead to pigment degradation, as shown by the development of 
brown coloring in heated leaves. 

The effects of dipping the leaves in ether as well as those resulting from 
dipping in boiling water are shown in figures 9, 10 and 11. The effect of 
the boiling was much the same for spinach and tobacco as for bean, result- 
ing principally in an overall reduction in reflection and absorption at the 
longer wavelengths, and a shift which was particularly noticeable in the 
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Fic. 7. Transmission, and reflection spectra for bean leaves and a methanol extract 
containing an equal quantity of pigments. 


position of the absorption peak in the red. The curves obtained for a Swiss 
chard leaf dipped in boiling water resemble those obtained for Kalanchoe. 
The same absorption peaks at 540 and 620 my and the shift in the absorp- 
tion minimum may be found. 


There was also a lack of uniformity in the results obtained by dipping 
the leaves in ether. With spinach, both the absorption and reflection curves 
were shifted toward shorter wavelengths. The shift in the position of the 


red absorption maximum was greater than was obtained by dipping the 
leaf in boiling water, but the peak was not shifted so far as that of the ex- 
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tract. Although the amount of reflection was only slightly altered, the ab- 
sorption was markedly decreased. The curves for Swiss chard and tobacco 
present a different aspect. With Swiss chard, the reflection maximum, 
which was at about 550 my in the fresh leaf, had been nearly eliminated by 
the ether dipping, and with tobacco the maximum had been lowered greatly. 
This reduction was reflected partly in the increase in absorption throughout 
the region, but it should be noted that the increase in absorption was ap- 
proximately double the reduction in reflection. With both species, the posi- 
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tion of the red absorption maximum coincided with that obtained by dip- 
ping the leaves in boiling water. A possible explanation for these differences 
may be found by considering the relative thickness and permeability of the 
leaves and the length of time they were immersed in the ether, since these 
factors would affect the extent to which the pigments were extracted from 
the chloroplasts and the extract diffused throughout the leaf tissue. In no 
case Was there any observable removal of pigment from the leaf. 

The curves obtained from leaves infiltrated with water are typical of 
those obtained with several species. The effect was to reduce the internal 
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reflection at interfaces within the leaf tissue and thus lower both the reflec- 
tion and absorption. The position of the principal absorption bands re- 
mained unchanged. 
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Fic. 9. Leaf and extract spectra for spinach 


ABSORPTION SPECTRA OF CHLOROPLAST AND DISINTEGRATED CHLOROPLAST 
SUSPENSIONS 
The results of a series of experiments designed to compare the absorption 
spectra of fresh leaves with those of chloroplast and distintegrated chloro- 
plast suspensions of such concentration that quantity of pigment would not 
be a factor are summarized in figures 12 and 13. There was a progressive 
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narrowing of the principal absorption bands from the fresh leaf to the 
chloroplast and distintegrated chloroplast suspensions, but the position of 
the maxima and minima remained essentially unchanged. In the curves for 
spinach the absorption in the blue and in the neighborhood of 680 mp was 
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Fig. 10. Leaf and extract spectra for Swiss chard 


higher for the distintegrated chloroplast than for the chloroplast suspension, 
and the reverse was true in the curves for Swiss chard. A small error in the 
dilution factor for one or more of the suspensions could account for this 
difference. 

Because of the many indications that the pigments in the chloroplasts 
may be in a colloidal state, the absorption curve for a colloidal suspension 
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of the crude pigment extract from Swiss chard is presented in figure 13. 
Several differences between this curve and that obtained for the fresh leaf 
will be noted. There was a shift of nearly 40 my in the position of the ab- 
sorption minimum for the colloidal suspension, and a shift of at least 5 mp 
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Fic. 11. Leaf and extract spectra for tobacco. 


in the position of the red maximum. The latter shift has been noted by 
many other authors. 


Discussion 


The success of any spectrophotometric study is dependent to a large de- 
gree upon the accuracy of the apparatus used. The instrumental problem 
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is complicated by the optical nature of the material to be investigated. 
Leaves contain a variety of pigments whose physical state in the living leaf 
remains unknown. A considerable portion of the incident light is reflected 
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Fic. 12. Absorption spectra of equivalent quantities of 








pigments from spinach 
leaves in four physical states. Note that the high absorption of green light and the red 
band at 680 mu are characteristic of all the curves except that for the methanol extract. 


from the external surfaces, and another portion which is internally reflected 
is modified by the selective action of the pigments through which it passes. 
This reflected light is neither perfectly spectral nor diffuse in character, and 
the degree to which it approaches the cosine law for diffuse reflectance varies 
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between species and, to some degree, within a single species. The trans- 
mitted light is scattered also. The numerous air spaces and interfaces in 
the leaf tissue cause internal reflection which lengthens the effective light 
path within the leaf. As a result of all these factors, the absorption spec- 
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Fic. 13. Absorption spectra of equivalent quantities of pigments from Swiss chard 
leaves in five physical states. 





trum of the leaf as a whole can be obtained only by an integrated meas- 
urement of the scattered light reflected from and transmitted through the 
leaf. The absorption spectrum of the pigments within the leaf is still more 
difficult to obtain, and will be discussed later. The selection of the com- 
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ponent parts of the apparatus used in the present work was influenced 
largely by their availability. The major choice was in the type of detector 
and its accompanying circuit. The selection of a photomultiplier tube 


proved to be a wise one from the standpoint of simplicity, economy and 


linearity of response. It is believed that the apparatus used was entirely 
adequate for the purpose. 

Figure 3 shows that the absorption curves for most of the species have 
& maximum at or close to 680 mp. The corresponding maximum for Ficus 
was not clearly defined but was between 660 and 680 mp. The absence of 
a distinct absorption maximum, or an apparent shift in its position toward 
shorter wavelengths, is typical of thick or heavily pigmented leaves with a 
glossy surface. If the percentage transmission is computed for a dark, 
glossy leaf such as that of Ficus in the region 650 to 690 my, values of 0.5 
to 3.0% are obtained. The shape of the absorption curve is then clearly de- 
pendent upon the reflection curve and does not correspond exactly to the 
absorption characteristics of the leaf. If such a leaf is infiltrated with 
water, the internal reflection will be reduced and a more pronounced absorp- 
tion peak at or near 680 my will be found. This relationship between the 
reflection and absorption curves must be kept in mind when interpreting 
leaf absorption spectra. 

Several investigators have attempted to study the absorption spectrum 
of the pigments in the leaf but no critical analysis of the problem has yet 
appeared. Brown and Escompe (1), Seypotp (15) and others have at- 
tempted to-measure light absorption by white and green portions of vari- 
gated leaves. However, it was pointed out by WILLSTATTER and Sroiu (21) 
and again by ScHANDERL and Kaemprert (13) that such a procedure is in- 
valid because it neglects the effect of internal reflection and implies that all 
the pigment is concentrated in a layer along the lower surface of the leaf. 
Other investigators have used water-infiltrated leaves and have compared 
the absorption spectra before and after extracting the pigments with alco- 
hol. This procedure is objectionable in other respects. A partial solution 
to the problem can be obtained by using the white and green portions of a 
varigated leaf and infiltrating both portions with water to reduce the in- 
ternal reflection. Unfortunately, it is difficult to find a pigment-free portion 
of leaf tissue large enough to fill the light beam of the instrument employed. 

SeyYBoLp and WeEISSWEILER (17) have attached considerable importance 
to the relative absorption in the three broad regions 400 to 500, 500 to 600 
and 600 to 700 mp. The absorption percentages obtained by these workers 
for Sambucus niger for these regions were 90, 74 and 83, and the ratios of 
absorption were respectively 108 : 89: 100. An estimate of the absorption 
percentages for these three regions was made from the mean absorption 
curve for four species in figure 3. The resulting percentages were 92, 71 and 
84; and the ratios were 110 : 85: 100. The average absorption for the en- 
tire visible spectrum was estimated to be 82% and the reflection 10%. 

Seybold and Weissweiler also obtained curves comparing the absorption 
and reflection by white poplar leaves when the light was incident on the 
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upper and on the lower surfaces. Their data show a difference of about 
30% in both reflection and absorption. Figure 4 shows that the difference 
obtained in the present investigation was about 15%. This discrepancy can 


probably be attributed to the use of a young leaf in the present work on 
which the white hairs characteristic of the lower surface were not fully 
developed. 

The discovery by HaGensacn (4) of the shift in the absorption curve 
of the extracted pigments, and Sorsy’s discovery (19) of the effect on the 
absorption curves of leaves produced by dipping them in boiling water find 
confirmation in the data presented here. The effect produced by dipping 
the leaves in ether was investigated by SkyBoLp and WEISSWEILER (16), and 
their results are to a large degree substantiated here. The curves for spin- 
ach (fig. 9) contain a strong suggestion that the spectra of the boiled leaf 
and ether-dipped leaf are intermediate between the spectrum shown by the 
fresh leaf and that shown by the methanol extract. That dipping a leaf in 
ether should result in an absorption spectrum similar to that of an extract 
is not surprising, for the effect seems to be a partial extraction with the 
ether extract diffused throughout the leaf tissue. The same bands which 
appear in the spectrum of the extract were found in the spectra of the ether- 
dipped and boiled leaves, and suggested in the spectrum of the fresh leaf. 

The absorption curves obtained with treated leaves of other species do 
not conform so well to the progressive transition found for the treated leaves 
of spinach. The absorption curve for the boiled Kalanchoe and Swiss chard 
leaves (figs. 8 and 10) were clearly out of line with this suggestion. They 
are most easily explained as resulting from degradative changes caused by 
leaf acids. In both species the boiled leaves had the brown color associated 
with phaeophytin. The effect of dipping the leaves in ether appeared to 
vary with the length of treatment. With prolonged treatment there was a 
marked reduction in reflection and a corresponding increase in absorption. 
With this increase in absorption, the bands became indistinct and a more 
uniform curve resulted, as shown by the curves for Swiss chard in figure 10 
and to a less extent for tobacco in figure 11. The leaves of these species 
were given a much longer treatment than that given the spinach leaf. The 
absorption curve for the boiled tobacco leaf was similar to that for the 
spinach. However, the curve was intermediate in position between that of 
the fresh leaf and that of the extract. 

Sorspy (19) explained the boiling effect on leaf spectra by stating that 
the pigments were initially present in the free state, and, on heating, became 
dissolved in melted fatty material. WuLLUSTATTER and SToLi (21) arrived 
at essentially the same conclusion on the basis of the observation that the 
spectrum of the boiled leaf was like that of a solution of chlorophyll in 
phytol. It may be argued that boiling is an extremely harsh treatment for 
so labile a system as that of the plant pigments in the living leaf. However, 
Noack (10) showed that distinct changes could be produced by tempera- 
tures much lower than that of boiling water. He prepared a colloidal dis- 
persion of leaf material and showed that the natural fluorescence was mark- 
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edly decreased by heating to 70° for a few seconds. Longer heating caused 


a reappearance of the fluorescence. These reactions were interpreted as in- 
dicating that the chlorophylls are initially bound to protein and that this 
bond was broken by heating, leaving the chlorophylls in a colloidal state. 
Further heating caused them to become dissolved in the melted lipoids. 
Mestre (6) investigated the effect of heating leaves and found a time-tem- 
perature relationship for the shift in the absorption spectrum which closely 
paralleled that for albumin coagulation. A similar effect was obtained for 
chloroplast suspensions by HacGenr and Goas (5). Both of these latter in- 
vestigations tend to support the conclusions of Noack. 

The data presented here are consistent with Noack’s hypothesis that the 
initial effect of heating is the denaturation of protein with rupture of the 
chlorophyll-protein bond, followed by formation of a solution of chlorophyll 
in melted lipoids. However, the data do not exclude other possible explana- 
tions, and the existence of an intermediate colloidal state, as proposed by 
Noack, remains unproved. 

An attempt to obtain some data relative to the problem of determining 
the amount of absorption which can be attributed to the pigments in a leaf 
as distinct from the leaf as a whole has been made by determining the ab- 
sorption spectra of chloroplast and disintegrated chloroplast suspensions. 
These suspensions were of such a concentration that the amount of pigment 
contained in an aliquot of suspension placed in a 1 em. absorption cell was 
the same as that in a portion of leaf of equivalent area. The results are 
presented in figures 12 and 13, with the absorption curves for fresh leaves 
and leaf extracts included for comparison. Some discrepancy is found be- 
tween the curves in the two figures which is probably due to errors in com- 
puting the proper dilution factors. However, the data indicate that as pro- 
gressively smaller particle sizes were used there was a progressive reduction 
in absorption throughout the central portion of the visible spectrum and a 
sharpening of the absorption maxima and minima. Reflection from the dis- 
integrated chloroplast particles was detectable only in the region of 500 to 
600 mz. Reflection from whole chloroplasts was appreciable throughout a 
broader region. The effect of reducing the particle size was partly a reduc- 
tion of reflection which, in turn, tended to raise the absorption maxima and 
lower the minima. The same absorption bands were found in the suspen- 
sions as in the fresh leaf, and no shift in their position had occurred. 

Miner et al. (8) have recently described the preparation of very fine 
suspensions of chlaroplast material. These suspensions, when activated by 
the addition of neutral salts in the presence of methanol, show an appreci- 
able amount of the photochemical activity associated with the original 
chloroplasts as measured by the Hill reaction. Furthermore, successive pre- 
cipitation and resuspension produces photochemically active material with 
an essentially constant chlorophyll/protein ratio. Absorption spectra for 
these suspensions were not given. Since the activity was found to be de- 
pendent upon the degree of aggregation, it would be interesting to know 
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what effect, if any, the state of aggregation had upon the absorption spectra. 
A correlation between the effect of various treatments on the photochemical 
activity and on the absorption spectra would also be of interest. From their 
work it appears that the fundamental photochemical unit must involve an 
association of both lipoid material and protein with the pigments. 


Summary 


Absorption and reflection spectra for leaves of four dicot species pos- 


sessed certain features in common. There was an absorption maximum in 
the red at 680 mp and a minimum in the green at 550 my, with points of in- 
flection suggestive of minor absorption bands at about 600 and 640 mp. Ab- 
sorption was high throughout the blue but no distinct peak was present. 

Mean absorption and reflection curves were obtained from the data for 
these four species. From this mean absorption curve, average values of ab- 
sorption for the three regions 400 to 500, 500 to 600 and 600 to 700 my of 
92, 71 and 84% respectively were obtained. For the region 400 to 700 mp, 
the absorption was 82% and the reflection 10%. 

Curves obtained for Ficus show the reduced reflection, increased absorp- 
tion and general flattening characteristic of the absorption and reflection 
spectra of thick leaves. The white, tomentose, lower surface of a white pop- 
lar leaf resulted in an increase in reflection of about 15% and a correspond- 
ing decrease in absorption throughout the spectrum when the light was inci- 
dent on the lower surface. Yellow, orange and red leaves showed about the 
same reflection in the blue but a much higher reflection in the red, as com- 
pared with a green leaf. The yellow and orange leaves reflected much more 
of the green and yellow light than did the green leaf. Transmission and 
reflection spectra for yellow leaves were similar, and both were comple- 
mentary to the absorption spectrum. 

Dipping leaves in boiling water or in ether for a few minutes shifted 
their absorption spectra toward the blue and sharpened the absorption 
bands. The change was more pronounced when the leaves were dipped in 
ether than when they were boiled. The boiled leaves showed a reduced ab- 
sorption throughout the central portion of the spectrum. Those dipped in 
ether showed either an increased or decreased absorption throughout this re- 
gion, depending primarily on the length of treatment. Leaves infiltrated 
with water showed no shift in their absorption spectra, but rather a decrease 
in absorption throughout most of the visible region and a sharpening of the 
band at 680 mz. 

Some data relative, to the absorption spectrum of the pigment complex 
freed from interference by the leaf structure were obtained by comparing 
the absorption spectra of leaves and leaf extracts with those of chloroplast 
and disintegrated chloroplast suspensions. These suspensions and extracts 
were so prepared that, when placed in a 1 em. absorption cell, the quantity 
of pigment per unit cross-sectional area of light beam was the same as that 
obtained when using a sample of leaf tissue. The maxima and minima for 
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the suspensions agreed in position with those for the fresh leaf, but were 
more sharply defined. The effect of progressively smaller particle size in 
reducing the multiple reflection and thereby the absorption, particularly in 
the green, was also evident. 
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Introduction 

The structure of molecules active as auxins has been investigated exten- 
sively, and presents one of the most attractive of all problems of the relation 
between a chemical structure and a biological activity. The structures are 
relatively simple, the compounds generally stable and the tests reproducible 
and quantitative. The results and conclusions to date were reviewed in 
1949 (13). The general rules for the structural requirements of active 
molecules which were given more than 14 years ago (5) have been slightly 
modified and restated to fit certain new cases (16, 17), but basically new 
departures in principle have not appeared until quite recently. There are 
now, however, two important new points to consider. One of these is the 
proposal of Muir and co-workers (3, 9, 10) that in order for a substance to 
have auxin activity, at least one of the positions on the aromatic ring ortho 
to the acidie side chain must be unsubstituted. This proposal stemmed from 


the inactivity (or very low activity) of 2,4,6-trimethylphenylbutyrie acid, 
4,7-dichloro-2-methylindoleacetic acid, and particularly the 2,4,6-trichloro-, 


tribromo- and trimethyl-derivatives of phenoxyacetic acid. These authors 
used thie elongation of Avena coleoptile sections as a test. It has been 
pointed out earlier (15) that the Avena coleoptile is more selective than the 
pea stem. However, the present paper shows that also in pea stems these 
latter three compounds are of very low activity. 

The second new principle is the activity of certain benzoic acid deriva- 
tives, reported (1) and confirmed (10) for growth of Avena sections, and 
which is also confirmed herein for the pea test. Earlier suggestions of ac- 
tivity in this series, based on different tests, had been made for 2-bromo-3- 
nitrobenzoic acid and some other derivatives (19); but activity in the pea 
test had not been found (18). It was suggested that these compounds did 
not have true auxin activity (18). The fact that true auxin activity is pres- 
ent in benzoic acid derivatives means that the rule that the acid group must 
be separated from the ring by at least one atom (5), though valid in the 
large majority of cases (13), is subject to important exceptions. The same 
is true for the suggested explanation of this requirement, namely that the 
acid group must be held out of the plane of the ring (16). 

In the present study a number of other compounds relating to the above 
two points have been tested, and it is shown that the role of ortho-substitu- 
tion is less simple than it appeared at first. Some of the facts are consistent 
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with another view, namely that a pair of para positions should be unsubsti- 
tuted (8). However, neither of these views is completely satisfactory. It is 
believed, nevertheless, that all the facts taken together very strongly indi- 
sate chemical reaction between the benzene ring and its substrate. 


Methods 


The pea test was carried out in the usual manner (14). After soaking 
for six hours the peas were germinated between moist filter papers for 36 
hours and planted in Lucite holders. They received occasional, very weak, 
red light after planting. They were grown at 25° C in water and used at 
an age of about seven and one half days. Third internodes were used from 
only those plants in which the fourth internode dia not reach 2 mm. in 
length. After slitting, these internodes were washed three to four hours in 
distilled water, then floated in the test solution. All operations were carried 
out in red light (> 5700 A) and the curvatures allowed to develop in com- 
plete darkness. Solutions were brought to pH 5.5 with NaOH but otherwise 


TABLE I 


ACTIVITY OF TRISUBSTITUTED PHENOXYACETIC ACIDS IN 
THE PEA TEST. 





Concentration in mg./l. 
Compound to reduce outward 
curvature by 100 


Relative 
activity 


Indoleacetic acid 0.15 100 
2,4,6-Trichlorophenoxyacetic acid 40.0 0.37 
2,4,6-Tribromophenoxyacetic acid > 50.0 
2,4,6-Trimethylphenoxyacetic acid > 100.0 
2-Methoxy-4,6-dichlorophenoxyacetic acid ca. 40.0 


unbuffered. In a few instances the sections were blotted and photographed, 
but generally the curvatures were simply measured (in laboratory diffuse 
light) after about 26 hours. The stem reference method (fig. 2B in 14) was 
used for measurement; sections in water give a curvature by this method of 
about — 150°. and reduction of this negative (7.e., outward) curvature is a 
delicate test for auxin acivity. The angle was read to the nearest 10°, using 
a simple protractor. Activities are recorded as percentage of that of indole- 
acetic acid, solutions of which were always included in the test for calibra- 
tion. All values quoted are the mean of 14 or 16 curvatures at each concen- 
tration, and relative activities are derived from several concentrations. 
Results 
ACTIVITY OF ORTHO SUBSTITUTED COMPOUNDS 
In preliminary tests, the 2,4,6-trichloro-, tribromo- and trimethyl-deriv- 


atives of phenoxyacetic acid (synthesized by Dr. Corwin Hansch of Pomona 
College) were found virtually inactive in the pea test. However, a closer 


examination of these derivatives and others reveals that they are not en- 
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tirely inactive. Although these compounds do not produce true inward 
curvatures, the trichloro-compound (formula I, R = R’ = Cl) at 50 mg./I. re- 
dueed the outward curvatures from — 143° (controls in water) to — 33° and 
the tribromo-compound (formula I, R = R’ = Br) to — 111°. For determin- 
ing relative activities, the concentration required to reduce the outward 
curvature by 100° can be used (15). Some results are summarized in table I. 


OCH,COOH OCH,COOH 
Roy TR ‘ 


Cl 
Q y 


R* Cl 

I Il 
The trichloro-derivative at least has slight activity, while the activity 
of the other two compounds is very low or zero. However, clearer activity 
is shown by 2-methoxy-4,6-dichlorophenoxyacetic acid (kindly supplied by 
Dr. W. A. Sexton of Imperial Chemical Industries, Manchester, England). 





300 


+ 
CURVATURE deg 








LOG CONCN. mg per | 
b) ° i 
— L 








Fic. 1. Curvatures due to 2,6-dichlorophenoxyacetic acid (recrystallized twice), 2,4- 
dik hlorophenoxyacetic acid and indoleacetie acid in the pea test Each point 1s the 
mean of 14 curvatures; all points were determined on the same day. The broken line 


connects the three concentrations which reduce the outward curvature (- 183°) by 100°. 
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This compound (formula I, R=OCHs;, R’=Cl) actually causes inward 
curvature, though only at igh concentrations. At 100 mg./l. an inward 
curvature of 56° corresponded approximately to that caused by indoleacetic 
acid (IA) at 0.5 mg./1., 7.e., a relative activity of 0.5. The figure in table I 
is based on the reduction of outward curvature by 100°. In other tests the 
values were 0.35 and 0.65. 

Some years ago we had reasoned that it should be possible to increase 
the low activity of a-naphthoxyacetie acid by halogen substitution. Accord- 
ingly, its 2-4-dichloro-derivative, formula II, was synthesized by Dr. G. 3. 
Christiansen in this laboratory and tested. It was, however, almost inac- 
tive. At 25 mg./l. the outward curvature was reduced by 140°, and at 10 
mg./l. there was no effect. The activity relative to IA is thus a little below 
1%. Although the activity of unsubstituted a-naphthoxyacetie acid is very 
low, it is not zero. It appears, therefore, that the 2,4-chlorination has not 
appreciably raised the activity. This result, which seemed surprising at the 
time, supports the view that a position ortho to the side chain must be free. 

However, the evidence from disubstituted phenoxyacetic acids points in 
the opposite direction. A sample of 2,6-dichlorophenoxyacetie acid (2,6-D, 
formula III), kindly supplied by Dr. A.G. Norman, Camp Detrick, gave large 
inward curvatures (+ 191° at 30 mg./l. and relative activity of about 4). 


OCH,COOH H,COOH CH,COOH 


at Ya ‘Y NO, 


Hz 4 


NO, 
iI V 


Contamination with a trace of 2,4-D was suspected, especially as SEELEY 
and Warn (11) reported such contamination in their sample. Accordingly 
the acid was twice recrystallized from hot benzene. The product (white 
needles) melted sharply at 133-133.5° C (uncorr.). The melting point re- 
ported by SEELEY and Warn (11) is 135-136° C, and Learer and BisHop 
(8) report 137-138° C. The recrystallized product gave the results shown 
in figure 1 where calibrating curvatures for both indoleacetic acid and 
2,.4-D, measured on sections from the same lot of plants, are included.’ By 
taking the ratios of the concentrations needed to reduce outward curvature 
by 100°, the 2,6-D has a relative activity of 4.1 (IA = 100); similar ratios 
for a curvature of 0° give a relative activity of 3.3. These figures are not 
significantly lower than those of the original sample. 

Two other 2,6-D preparations, kindly supplied by Dr. J. M. F. Leaper, 
Ambler, Pennsylvania, and by Dr. R. L. Wain, Wye, England, have been 
tested in order to establish this important point. Both were prepared by 
methods which are stated to exclude contamination with 2,4-D. The prepa- 
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ration from Wain gave a curvature of + 126° at 100 mg./l. and + 42° at 30 
mg./l.; its relative activity (computed from the concentration reducing out- 
ward curvature by 100°) is 1.8. The preparation from Leaper gave + 67° 
at 100 mg./l. and + 8° at 30 mg./I.; the relative activity is 2.2. The com- 
pound also promoted the straight growth of pea stems at 10 mg./l. and 
above, though its relative activity was well below 1% of IA. 

While there can thus be no doubt that 2,6-dichlorophenoxyacetic acid is 
active, 3,5-dichlorophenoxyacetie acid (3,5-D, formula IV), kindly supplied 
by Dr. A. G. Norman, Camp Detrick, is virtually inactive. Even at 100 


Fic. 2. Curvatures of internodes of pea stems. Top: 2,6-dichlorophenoxyacetic 
acid at 10 mg/l. (Camp Detrick sample). Bottom left: 3,5-dichlorophenoxyacetic acid 
at 10 mg./l. Bottom right: 2,4-dichlorophenoxyacetic acid at 10 mg./1. 


mg./l. the outward curvature was reduced only 40°. The relative activity 
is, therefore, very much less than 0.1. Both ortho positions are free in this 
compound. Figure 2 shows the curvatures caused by pure 2,6-D, 3,5-D, and 


2,.4-D, all at 10 mg./l. For the sake of completeness a pure sample of 2,5- 
dichlorophenoxyacetie acid, kindly supplied by Dr. J. M. F. Leaper, Ambler, 
Pennsylvania, was tested. Its relative activity is about 15. 

In striking contrast to the effect of ortho and para halogen substitution 
is that of nitro substitution. It was found that 2,4-dinitrophenylacetie acid, 
formula V, was inactive. Even at 100 mg./l. the outward curvature was 
reduced less than 100°. The relative activity is therefore <0.1. This 
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activity compared with the relative activity of 15 for 2,4-dichlorophenyl- 
acetic acid (13), shows that nitro groups act in the opposite way to halogen 
atoms in this case. 


ACTIVITY OF BENZOIC DERIVATIVES 


Because 2,3,6-trichlorobenzaldehyde had been reported active in the 
straight growth of Avena coleoptiles (1), this compound and the corre- 
sponding acid, formula VI, were tested. The compounds were obtained 
through the kindness of Dr. W. A. Sexton of Imperial Chemical Industries, 
Manchester, England. The acid is highly active. Its relative activity in 


Fic. 3. Comparison of curvatures of internodes of pea stems in indoleacetic acid 
(1A, above) and 2,3,6-trichlorobenzoic acid (TCB, below). The concentrations (decreas- 
ing from left to right) are in mg./I. 


different tests varied from 67 to 360 and averaged about 200; 7.e., it is about 
twice as active as indoleacetic acid. It compares closely with p-chloro- 
phenoxyacetic acid, whose relative activity is 200 (13). In some experi- 
ments, the curvatures were more limited to the apex of the sections than are 
those due to other auxins. Figure 3 shows a comparison with indoleacetic 
acid over the critical concentration range. Minute and irregular but real 
curvatures were produced with the standard agar-block Avena test, at 50 
and 100 mg./I. 

The activity of the aldehyde is more problematical. The sample as 
received produced small curvatures which showed no systematic variation 
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with concentration. Since these might have been due to contamination, it 
was freed from acidic substances by solution in ether and repeated washing 
with 0.1 N NaOH. However, the material so purified still gave definite 
curvatures (usually averaging about 0° but in one case as high as + 90°) at 
concentrations of 15 to 200 mg./l.; however, they were not proportional to 
concentration. As with the acid, the curvatures were markedly apical. 
Tentatively they must be ascribed to a small degree of conversion of the 
aldehyde to the acid within the plant tissue itself. Analogous conversion of 
indoleacetaldehyde has been shown to take place in coleoptile tissue (7) 
and the same reaction has been invoked to explain the activity of naphtha- 
leneacetaldehyde in the pea test (15). In a paper which appeared after 
this work was completed, Jones et al. (4) report that the aldehyde had 
greater activity than the acid for inhibiting root elongation. The difference 
is ascribed to greater permeability of root cells to the aldehyde. 


COOH COOH COOH 
Cl Cl Cl ‘i 
Cl 


H 

IX X 
The high activity of 2,3,6-trichlorobenzoic acid contrasts with the inac- 
tivity of other benzoic derivatives. The related 2,4- and 3,4-dichlorobenzoic 
acids, formulas VII and VIII respectively, were tested and found inactive. 
Also 2-chloro-3-nitrobenzoic acid, 2-bromo-3-nitrobenzoic acid and 2-bromo- 
3,5-dichlorobenzoie acid have been reported inactive in the pea test (18). 
On the other hand, 2,5-dichlorobenzoic acid and 2,6-dichlorobenzoic acid 


are apparently active on Avena sections (10). Lastly, it is worth noting 


that 2,4,6-trinitrobenzoic acid was found completely inactive in the pea test. 

Since in 2,3,6-trichlorobenzoie acid both positions ortho to the carboxyl 
are substituted, it seemed possible that the requirement for activity of a 
benzoic derivative might be the opposite of that postulated for phenoxy- 
compounds. To avoid the complication due to halogen substitution, tests 
were made of 9-anthroic acid, formula IX, and its 9-10-dihydro-derivative, 
formula X, synthesized by Mr. Bruce Stowe in these laboratories. Both are 
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inactive. In the presence of indoleacetic acid they increased the curvature 
by 50 to 100° (synergistic effect). Although neither was nearly so potent 
in this respect as triiodobenzoic acid (TIBA) whose synergism was previ- 
ously reported (12), still the synergism is of interest and is greater than 
that of di-n-amylacetie acid (17). 

Quantitative comparison of synergistic power can be made by deter- 
mining the concentration of synergist needed to increase the curvature by 
100°, using a low (and constant) concentration of indoleacetic acid. Thus 
with indoleacetic acid at 0.3 mg./l. giving a curvature of —1°, a curvature 
of + 99° was given (by interpolation on a concentration curve) by dihydro- 
anthroic acid at about 3 mg./l., by anthroic acid at above 10 mg./l. and by 
TIBA at 0.5 mg./l. A more complete comparison is given in table II. The 
concentrations needed to increase the curvature by 100° for triiodobenzoic 
acid, 2,6-D and a-phenylbutyric acid were 0.15, 1, and 2-4 mg./l., respec- 
tively; for dihydroanthroic. acid, anthroic acid and di-n-amylacetiec acid, 


TABLE II 


CURVATURES OF PEA STEM SECTIONS IN SOLUTIONS CONTAINING INDOLEACETIC 
ACID (0,02 mg,/l.) AND OTHER COMPOUNDS AT pH 5.5 


Concentration in mg./1. (p.p.m.) 





Compound 





0 0.15 0.3 l 3 10 





Triiodobenzoic acid —-67 +77 +99 +98 

9-Anthroic acid —67 0 +36 
9,10-Dihydroanthroic acid -67 -39 +45 
Di-n-amylacetic acid —67 -21 
y-Pheny]-butyric acid —67 —-31 +81 +249* 





*Slight auxin activity shown at this concentration without IA, 


they were similarly 3, 10, and > 20 mg./l., respectively. These figures can 
be considered as relative synergistic activities. It should be added that 
2,3,6-trichlorobenzaldehyde has no synergistic activity; in the presence of 


indoleacetic acid, it produces a very slight interference in the curvature 
response. 


Discussion 

With the phenoxy acids, the data do not give a very clear-cut distinction 
between (a) the necessity of a free position ortho to the carboxyl (2, 3, 9, 
10) and (b) the necessity of two free positions para to one another (8). 
The activity of the 2,6-acid and the real though small activity of the 2,4,6- 
substituted acids, contrasted with the inactivity of the 3,5-compound, how- 
ever, favors the latter view. Turning to the benzoic acids, there is support 
for the suggestion that with this structure the rule might be the opposite of 
that for the phenoxy acids, namely that two positions para to one another 
must not be free. The highly active compound 2,3,6-trichlorobenzoic acid 
has no such positions while the inactive compounds, VII, VIII, IX and X, 
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each have such a pair (though in IX and X it is in the adjacent nucleus). 
The compounds 9-anthroic acid and its 9,10-dihydro-derivative have some 
synergistic activity, but it is noteworthy that TIBA, one of the most power- 
ful of synergists in the pea test (12), has no opposite pair. The same is true 
for 2-bromo-3-nitrobenzoic acid, reported effective as a synergist (18). In 
this connection, it is probable that there is no clear-cut distinction between 
auxin activity and synergistic activity, since weak auxins like 2,6-D and 
phenylbutyrie acid, as well as many compounds with no true auxin activity, 
have synergistic effects. 

The data of Murr and Hanscu (10, 3) also offer only quite slender sup- 
port for the ortho-substitution theory. Thus if eleetron-attracting groups 
in the ortho position are necessary to allow of reaction between the benzoic 
derivative and the postulated plant substrate, then we can see why the 2,6- 
dichlorobenzoie acid is active but we should expect the 2,4 acid to be active 
too; it is inactive. If both ortho positions must have electron-attracting 
groups, then we should not expect the 2,5-dichloro-acid to be active, but 
it is, and indeed appears to be about 10 times as active (on Avena) as the 
2.6 acid (10). Also the evidence that chloride is eliminated during growth 
under the action of 2,6-dichlorobenzoic acid is considerably weakened by 
the fact that the 2,4-dichloro-derivative, which is inactive, also yields chlo- 
ride (though admittedly only about half as much). In general the argu- 
ment of Muir and Hansch is that in spite of the occupation of both ortho 
positions, activity is still possible through the elimination of chloride. But 
the real point is that occupation of both ortho positions (plus the meta posi- 
tion) confers activity. For this reason the ortho-substitution theory is felt 
to be inadequate, at least in its present form 

Other evidence also is unfavorable to this view. In the phenoxyacetic 
series, substitution of one of the two ortho positions, which might be ex- 
pected to reduce activity somewhat, greatly increases it, for ortho-chloro- 
phenoxyacetic acid is far more active than phenoxyacetic acid (13). In 
contrast, substitution of the 3 and 5 positions, leaving both ortho positions 
free, confers no activity at all (fig. 2). As to the inactivation of indole- 
acetic acid by substitution in the 2 and 4 positions (2), this fact, though 


very interesting, is not critical because all substitutions so far studied 


greatly reduce the activity of IA. Indoleacetie acid is inactivated for the 
Avena test by methyl substitution in the 2 and 5 positions (6). Mention 
should also be made of the finding (6), again for the Avena test, that the 
2-methyl derivative of indoleacetie acid, though much less active than IA, 
is still four times as active as the N-methyl derivative (in which the ortho 
positions are free). 

If we cannot accept either of these theories we can still consider some- 
thing which is implied by both of them. The data do indicate that the 
benzene ring must react chemically with some substrate. The more physi- 
cal view that the unsaturated ring merely reacts by adsorption to a surface 
(16) does not allow of enough specificity. This fact was already pointed 
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out (13) for the cyclohexene acids, but the present data and other results 
from aromatic compounds, viewed in a broad way, are much clearer evi- 
dence for a direct reaction with the ring carbons. The acetic acid or oxy- 
acetic acid side chain, being electronegative, activates the aromatic ring to 
react with substituting reagents (especially in the 2 and 4 positions). Cor- 
respondingly acetic and oxyacetic derivatives of many ring structures, both 
aromatic and semi-aromatic, are active as auxins. The carboxyl, being 
electropositive, deactivates the ring, making it less reactive at all positions. 
Correspondingly most carboxylic acids (benzoic, naphthoic, indolecar- 
boxylic) are inactive as auxins. 

More specifically, in regard to the influence of position of substitution, 
the data suggest at least a partial interpretation. In the acetic and oxy- 
acetic derivatives, the positions activated are ortho and para, 7.e., the 2, 4, 
and 6 positions. The nucleophilic influence is, we may suppose, divided 
between these three positions, with the result that no one of them is highly 
reactive. This assumption and the one that follows derive no support from 
the regular electronic interpretation of organic chemical reactions. How- 
ever, it must be pointed out that such interpretations have been developed 
for the conditions prevailing in hot, strongly acid solutions. Modification 
of them for the cold, nearly neutral conditions in the plant does not seem 
unwarranted if it results in a consistent theory. In this case the interpre- 
tations fit well with the observation that phenylacetic acid has a relative 
activity of only about 3, and phenoxyacetic acid of less than 1. Occupation 
of one or more of these positions, it is suggested, leads to intensification of 
the nucleophilic (or activating) influence at the remainder. Correspond- 
ingly substitution at either the 2 or the 4 position by Cl or CHs increases 
auxin activity, and this effect is greatest with disubstitution at 2 and 4, 
which concentrates all the ability to react into the remaining 6 position. 
However, if all three activated positions are occupied, no possibility of re- 
action remains; the compounds have a very small activity which is no more 
than that of unsubstituted phenoxyacetic acid. In this connection the rela- 
tive activity of 5% formerly ascribed to pentachlorophenoxyacetie acid (13) 
is now found to be due to an impurity. The relative activity of a care- 
fully purified sample is less than 0.1%. Partial hydrolysis may make 
some activity possible. When the 3 and 5 positions, which are not acti- 
vated, are occupied, the distribution of activation between the 2, 4, and 6 
positions is not affected. This compound is no more active than the un- 
substituted parent compound. Since 4-chloro-phenoxyacetie acid is much 
more active than the 2-chloro-acid, it seems that the ortho position is more 
strongly activated than the para. This observation can then explain the 
low activity of the 2,6-dichloro-compound in which both of the two most 
active positions are occupied. 

In the benzoie acids, it was shown that they are made active as auxins 
only by substitution with more than one halogen. Now these halogens by 
their resonance allow of activity in the positions ortho and para to them- 
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selves, not to the carboxyl. Hence in 2,6-dichlorobenzoic acid the 3 and 5 
positions are the ones which remain active and may give some auxin ac- 
tivity; but if we now substitute the 3 position as well, the activating influ- 
ence is concentrated in the 5 position and gives highest activity. It can be 
predicted that the 2,3,5,6-tetra-substituted acid should be of low activity. 

It is necessary to make the reservation that the combining positions 
must not react too strongly. Hydroxyl groups, which strongly activate the 
ring, invariably reduce auxin activity (so far as known). Methyl groups, 
which activate less strongly, increase it. On the other hand, halogen atoms, 
which clearly confer auxin activity, are known actually to deactivate the 
ring somewhat; and the auxin activity of chloride compounds must be due 
largely to their resonance which has the effect of concentrating the reac- 
tivity of the ring at certain points. Strong deactivation, as with the posi- 
tive nitro group, does not confer activity, and may (as in 2,4-dinitrophenyl- 
acetic acid) remove the activity of the parent substance. The two most 
effective substituents of auxins, namely CH; and Cl, are (from the chemical 
viewpoint) the weakest agents in activating and deactivating respectively. 
In other words they are the two that come nearest to the ideal of simply 
occupying a position, without too greatly affecting the general reactivity of 
the ring. It is easy to visualize how the loose relationship that has to exist 
between an enzyme and its activator (coenzyme, protective agent, etc.) 


would call for a moderate, but rather closely-defined, degree of reactivity. 


If the above views are correct the ring does combine (though loosely) 
with a substrate; but the point of combination is not limited to the ortho 
position, and in fact varies with the substitution on the ring. The substrate 
seems most likely to be weakly positively charged. These views can to some 
extent be tested and it is hoped to do so in the near future. 


Summary 

Three derivatives of phenoxyacetic acid in which both positions ortho to 
the side chain are substituted, were found active as auxins in the pea test. 
These are 2,6-dichloro-, 2,4,6-trichloro- and 2-methoxy-4,6-dichloro-phe- 
noxyacetic acids. The 3,5-dichloro-derivative, however, is quite inactive. 
In phenylacetic acid, while 2,4-dichloro-substitution increases activity, the 
corresponding 2,4-dinitro-substitution decreases it. 

The compound 2,3,6-trichlorobenzoic acid is highly active, more so than 
indoleacetic acid, but the activity of the aldehyde is very much lower and 
does not vary uniformly with concentration. For this reason its slight 
activity is considered to be due to its conversion to the acid in pea stem 
tissue. Two other chlorinated benzoic acids were found inactive. 

The activities of several other compounds are reported. Several com- 
pounds, including some with and some without auxin activity, are shown to 
have synergistic action in the pea test. 

The results are discussed in the light of two proposed new rules for the 
relation between structure and activity. It is concluded that neither of 
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these rules, namely, (a) that activity requires two free positions para to one 


another, and (b) that activity requires one free position ortho to the car- 
boxyl, is consonant with all the facts, though some evidence, both here and 
in the literature, favors each of them. There is also some indication that 
benzoic acid derivatives may obey an opposite rule to that for phenoxy- 
acetic and phenylacetic acid derivatives. 

Arguments in favor of the conclusion that a definite chemical reaction 
does take place at one or more positions on the ring are summarized. It is 
considered that this general conclusion is consonant with all the data. A de- 
tailed theory, to account for the powerful effects of specifie substitutions, 
is proposed. 


Part of this work was supported by a grant from the Committee on 
Growth acting for the American Cancer Society. 

The author’s thanks are due to Mrs. Irma Slankis for assistance with 
the tests. He is also grateful to Pref. Louis Fieser and Dr. Arvid Ek for 
critical discussions. 
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FURTHER STUDIES IN THE SIMPLIFICATION OF EQUIPMENT 
FOR SUBIRRIGATION EXPERIMENTS IN 
PLANT NUTRITION 


GEORGE R. JOHNSTONE 
(WITH TWO FIGURES) 


Received August 2, 1951 


A new type of equipment for use in subirrigation experiments in plant 
nutrition has the special advantage of being enlarged to accommodate larger 
plants without decreasing the convenience of operation. A brief description 
of the older equipment will precede that of the newer equipment for the con- 
venience of comparison. 


Fic. 1. Sand culture equipment. The gallon bottle reservoir was subsequently 
coated with aluminum paint. The magnification is indicated by a six inch ruler, left. 


The previously deseribed equipment for subirrigation experiments in 
plant nutrition (2) has certain advantages as well as limitations. This 
equipment comprises two compartments, superimposed one above the other. 
The lower compartment serves as a reservoir for the nutrient solution, while 
the upper compartment filled with highly insoluble material provides the 


seed bed. The lower compartment is equipped with a centrally placed 
plastic tube filled with the same kind of medium as that in the upper com- 


partment. This plastic tube, one and one fourth inches in diameter, pro- 
vided with a plastic cap over the lower end, and with lateral perforations, 
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serves as a pathway for the migration of the nutrient solution to the seed 
bed. Small containers having a diameter of six inches are convenient to 
operate, but limited to the culture of small plants, such as Impatiens Bal- 
samina, Saint; culia ionantha, and Capsicum frutescens var. longum. 

The new type of equipment can be increased in size to accommodate 
larger plants, such as the tomato, Lycopersicum esculentum, without de- 
creasing particularly its convenience of operation. The plan of this appa- 
ratus is essentially different from the above described equipment in its 
reversal of the positional relation of the reservoir to the seed bed. In this 


Fic. 2. Sand cultures of San Jose Canner tomato plants: left, K high, KeSO. substi- 
tuted for (NH,).SO,; center, control, a Rubidoix solution (1); right, KCl substituted for 
(NH,):SO,. Age 93 days. A cylinder with a stopper in front of each reservoir is used 
when siphoning off the solution or when flushing with wa-er 


new equipment the reservoir is above the seed bed. An inverted one-gallon 
bottle coated with aluminum paint to exclude light is used as the reservoir. 
This bottle is held in position by an asphalt-coated tin cylinder. The length 
of the eyvlinder is adjusted so that the mouth of the inverted bottle is one 


half inch or less from the bottom of the seed bed. Such an apparatus (fig. 


1) has been used successfully for the culture of San Jose Canner tomato 
plants (fig. 2). 

The operation of this apparatus is relatively simple. Four inches of 
clean, 12-mesh, silica sand comprise the seed bed. The sand is moistened 
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by capillary rise of water from the subirrigated layer of half strength nutri- 
ent solution including the minor elements. The half strength nutrient solu- 
tion is preferred during the first three weeks for the culture of San Jose 
Canner tomatoes. As evaporation tends to concentrate the nutrient solu- 
tion, the water lost by transpiration and direct evaporation from the sand 
is replaced by adding distilled water, or tap water if less accurate work is 
satisfactory. The city water department may furnish the analysis of the 
tap water which may justify some modification of the amounts of minor 
elements employed. 

After three weeks in the half strength nutrient solution, the solution may 
be siphoned out and the seed bed flushed with distilled water, and replaced 
with a full strength nutrient solution. Best results may be obtained by 
completely changing the nutrient solution after flushing out the old solution 
every six weeks or oftener if the plants are large. 


Some of the disadvantages of this equipment, such as variations in the 
concentration of the nutrient solution because of evaporation and replace- 
ment of the water thus lost, unknown quantities of chemicals which adhere 
to the sand particles, and desired flushing of the seed bed and complete 
change of the nutrient solution are not considered serious because many 


features of this system resemble those which occur under natural conditions. 
Some of the advantages of the system are obvious, such as the convenience 
of operation and the apparent reduced cost of the equipment. 


Acknowledgment is hereby accorded Harris C. Moore for his help in the 
experimental work, the results of which shall appear elsewhere. 
DEPARTMENT OF BoTaNy 
UNIVERSITY OF SOUTHERN CALIFORNIA 
Los ANGELES 7, CALIFORNIA 
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RELATIONSHIP OF THE COBALT AND LIGHT EFFECTS ON 
EXPANSION OF ETIOLATED BEAN LEAF DISKS! 
CarRLos O. MILLER? 

(WITH THREE FIGURES) 


Received Se ptember 20, 1951 


The expansion of etiolated bean leaf disks in the dark may be promoted 
by briefly exposing the disks to light. Expansion may also be increased by 


placing the disks on media containing cobaltous or nickelous salts (1) and 
the author has suggested a close relationship of the light and cobalt effeets. 
Investigations concerning this relationship are reported herein. 

A full description of the test utilizing the etiolated leaf disks has been 
published (1) and is recorded elsewhere (2). It is summarized here. Disks, 
5.0 mm. in diameter, are cut with a cork borer from the two simple leaves 
immediately above the cotyledons of etiolated Burpee Dwarf Stringless 
Greenpod bean plants. A section of a main lateral vein approximates a di- 
ameter in each disk. The plants are used seven to nine days after the sow- 
ing of the seeds in flats of sand in a darkroom maintained at a temperature 
of 25+ 1° C. All manipulations involving the disks are performed in dim 
green light. Five milliliters of a test solution are added to a Petri dish con- 
taining three 9 em. sheets of Whatman no. 1 filter paper. Ten disks, lower 
epidermis up, are placed on the pad of filter paper wetted with the test solu- 
tion. The basal solution contains 3% p-glucose by weight and KNOs: at an 
0.08 M concentration. The pH of each solution is adjusted to 5.6. The 
Petri dishes are kept in a dark cabinet at 25+ 1° C. The diameters, per- 
pendicular to the segments of heavy veins, are remeasured at the desired 
times. 

In figure 1, the values for diameters of disks two days after light ex- 
posures are plotted against the length of time the disks were exposed to in- 
candescent-filament light at an intensity of 200 foot-candles. The greatest 
increase per amount of light energy occurs with exposures of five minutes or 
less. Actually, as found in other experiments, the sharp rise of the curve 
occurs with exposures of one minute or less. The curve does not level off at 
a maximum value. It probably would continue upward with longer ex- 
posures since expansion of disks exposed te light at the beginning of several 
experiments Was considerably further increased by another exposure the 
next day. Thus, the limiting condition affected by light is not completely 
eliminated by a single exposure to light. After all light treatments, expan- 
sion Was nearly uniform in all directions. 


1 Papers from the Department of Botany and Plant Pathology, The Ohio State Uni- 
versity, no. 535. 

“Present address: Department of Botany, Birge Hal!, University of Wisconsin, 
Madison 6, Wisconsin. 
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As previously reported (1), the expansion of disks on a cobalt-containing 
medium was nearly uniform along all diameters. The optimal concentration 
was about 5 p.p.m. of the cobaltous ion. 

The mechanies of the disk expansion after both light and/or cobalt treat- 
ments was investigated. Cell size measurements were made in sections pre- 
pared from material mounted in paraffin. Practically all expansion was 
apparently a result of cell enlargement. Therefore, both cobalt and light 
influence processes which lead to cell enlargement. 

If the cobalt and light actions are distinctly different, it should be possi- 
ble to find plant material in which one effect could be observed and the 
other could not be. In search of such material, disks from leaves of plants 
growing in the greenhouse were employed as test objects. The basal me- 
dium already described was used. The expansion of disks from green pri- 
mary bean leaves having areas of about 8 sq. cm. increased in the presence 
of cobaltous ions; however, the expansion also increased after the disks were 
exposed to light (200 fc) for five minutes one day following the start of the 
tests. The same appeared to be true of leaf disks from young green pes 
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Fic. 1. Final diameters of etiolated bean leaf disks after two days in darkness on 
basal medium. At the beginning of the experiment disks exposed to light (200 fe) for 
the time indicated. Standard errors ranged from + 0.03 to + 0.07 mm 


plants (var. Little Marvel) although the results were not very clear-cut 
since not much growth occurred. The expansion of disks from green leaves 
of Chenopodium album and of radish (var. French Breakfast) was un- 
affected by cobalt and by exposure to light. This was true of Chenopodium 
album leaf disks even if coumarin was present in the medium (3). Thus, 
no separation of the two effects was obtained by use of green leaf material. 

Shortly after germination, a hook is evident in the hypocoty] of an etio- 
lated bean seedling. Under conditions of these experiments, as the seedling 
grew, this hook moved morphologically upward from the hypocotyl into the 
first internode of the stem and finally into the petioles of the primary leaves. 
Petioles of both primary leaves became hooked. Exposure of the seedlings 
to light caused the disappearance of the hooks. In several experiments, 
hooked portions of hypocotyls, stems, and petioles were excised from the 
seedlings and used as test objects. Although exacting techniques were not 
developed, it was obvious that the elongation and straightening of the hooks 
could be increased by exposing them briefly to light or by adding cobaltous 
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salts to the basal medium. The same was true of any excised portions taken 
from above but not from below the bend. However, these latter portions 
grew very little; therefore, the tests made to detect light and cobalt effects 
may not have been valid. This is a further example of association of 


the cobalt and light effects. In no tissue has only one of the effects been 


observed. 

Distinctly different causes, if existent, of the cobalt and light effects 
might be reflected in the time-expansion curves. In figure 2, time-expansion 
curves are presented for disks exposed for 15 min. to incandescent-filament 
light at an intensity of 200 foot-candles and placed on a basal medium con- 
taining 5 p.p.m. Co* + (as Co( NO )o° 6 H:O), for disks not exposed to light 
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Fic. 2. Time course of expansion of etiolated bean leaf disks given the following 
treatments: D—no light exposure, basal medium; CoD—no light exposure, Co** (5 
p.p.m.) in basal medium; L—15 min. light exposure, basal medium; CoL—15 min. light 
exposure, Co** in basal medium. Standard errors ranged from + 0.03 to + 0.07 mm. 


but placed on the cobalt salt medium, for disks exposed to light and placed 
on basal medium, and for unexposed disks placed on basal medium. Except 
for the steepness of the slopes, there are no characteristic differences among 
the four curves; they are in phase. Quantitatively, the cobalt-dark (Co-D) 
and light (L) curves were similar in other experiments but not so identical 
as those presented in figure 2. The curves in figure 2 bring out no distine- 
tion between the cobalt and light effects. 

The disks given both cobalt and light treatments, however, expanded 
more than disks given either treatment alone even though the optimal con- 
centration of cobaltous salt was used. Obviously, the action of Co++ does 
not replace the action of light. From the curves it seems the two effects 
might be additive. This possibility was tested. 

A wide range of values for expansion of disks given one or both treat- 
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ments was obtained by measuring diameters of disks at various times after 
the start of experiments, by varying the length of light exposure, and by 
varying the concentration of cobaltous salts in solution. The amount of 
expansion resulting from any particular treatment was obtained by sub- 
tracting the computed areas of the control disks (given neither cobalt nor 
light treatment) from the computed areas of the treated disks. In figure 3, 
values along the ordinate represent the increases in area of disks given both 
cobalt and light treatments. The values along the abscissa represent the 
sums of area increases resulting from the cobalt and light treatments being 
given separately to different disks. If the effects are strictly additive, the 
points should fall on the theoretical line which has been drawn in the figure. 
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Fic. 3. Increases in etiolated bean leaf disk areas resulting from Co** and light 
treatments given simultaneously to same disks vs. the sums of area increases resulting 
from treatments given separately to different disks. See text for explanation of the 
curve, 

The deviations are not great. The cobalt and light effects, at least under 
the conditions of the experiments reported here, are essentially additive. 

The cobalt and light effects are similar in that both occur in the same 
plant materials, both increase cell enlargement, both cause uniform leaf disk 
expansion, and both influence some property apparently common to cells in 
many different tissues. These relationships support the idea that both co- 
balt and light affect the same limiting condition. It might be argued that 
the fact that the two effects are additive is evidence against such a possi- 
bility. This argument would not necessarily be valid. The limiting condi- 
tion affected by light was only partially removed by single exposures of the 
disks to light, and addition of cobaltous ions might further diminish the 
same condition. It seems quite possible that cobalt and light reduce the 
same limiting condition but perhaps by different pathways. 
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The author wishes to thank Dr. B. 8. Meyer for his helpful guidance 
during the course of this work. 
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LIGHT ABSORPTION BY CHLOROPHYLL AT HIGH 
CONCENTRATIONS ! 
S. ARONOFF 
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It is well known that the absorption spectrum of the chlorophylls in a 


leaf is displaced to the red when compared to that in a non-biological 
system. Apart from purely physical considerations, three types of chemical 
reactions may result in such a shift: (a) the reaction of chlorophyll and 
solvent (refractive index effect); (b) the reaction of chlorophyll and some 
other solute (adsorption or compound formation) ; (c) the reaction of chloro- 
phyll molecules among themselves (polymerization). In this paper evi- 
dence is presented which indicates that the spectral shift is probably not due 
to polymerization of the chlorophyll molecules. Polymerization may result 
in bathychromie shifts, and previous studies of chlorophyll spectra have 
dealt with relatively dilute solutions (10-* M or less) while the concentra- 
tion of chlorophyll in the leaf is of the order of 10-1 M. In the absence of 
density values for the chlorophylls one may assume, for purposes of discus- 
sion, that the pure solid chlorophylls are approximately 10° M. 

All spectra were obtained using a Beckman spectrophotometer. The 
crude chlorophyll was prepared from dried spinach, precipitated from petro- 
leum ether, and dried in high vacuum. The presence of carotenoids was felt 
to be immaterial in view of the region of the spectrum utilized. Purified 
chlorophyll a was prepared by chromatography of the crude chlorophylls on 
sucrose columns (5). 

Dilutions of the crude chlorophyll were made by dissolving the weighed 
amount of chlorophyll in a minimal amount of diethyl] ether and mixing this 
solution with a known weight of Celvacene light vacuum grease. The ether 
was removed in vacuum until there was no detectable odor of ether and the 
grease appeared to have regained its original viscosity. The solution of 
chlorophyll in the grease was spread on clear glass plate in a uniformly thin 
layer, of a thickness such that the resulting optical density was 0.2 to 0.6. 
The Celvacene had negligible absorption in the region employed. Absorp- 
tion corrections were required for the glass plate, which was three sixteenths 
of an inch thick, rectangular, and of such dimensions as to fit snugly within 
the absorption cuvette. 

The blank for the living leaf was tobacco leaf tissue from which the 
chlorophyll had been extracted with 95% ethanol. 

1 Contribution no. 154 from the Institute for Atomic Research and the Department 
of Botany, Iowa State College, Ames, Iowa. This work was supported by AEC contract 


no. AT(11-1)-59. 
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The data of figure 1 show that increasing the concentration of chloro- 
phyll in solutions does not shift the position of the red absorption maximum 
to coincide with that for the living tobacco leaf. The position of the maxi- 
mum in the leaf is not of itself sufficient evidence for an association of the 
chlorophyll in the leaf since there is a variation of the position according 
to the solvent employed (1, 2). Nevertheless, there is no solvent in which 
chlorophyll has the same region of maximum absorption as it has in the leaf. 
The possibility that the solvent matrix within the leaf is of a character 
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Fig. 1. Absorption maxima of crude chlorophyll at various concentrations and in 
different media. Curves are transposed for clarity. In the leaf the effective band width 
was 35 A, whereas in the rest of the data it was 12 A 


(presumably refractive index) far different from any solvent which has been 
used is rather improbable in view of the range of materials used and the 
data presented here. The possibility that the chlorophyll is associated with 
some substance in the leaf is more probable in view of the ease of prepa- 
ration of chlorophyll-protein complexes from leaves and microérganisms. 
Furthermore, synthetic chlorophyll-protein complexes may also be made (3) 
which exhibit most of the solubility characteristics associated with the bio- 
logical system. Nevertheless, it is known that metalloporphyrins may com- 
bine with proteins and, until proved otherwise, the chlorophyll-protein may 
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have resulted merely from proximity during the mechanical manipulation. 
The question of the chlorophyll/protein ratio in chloroplasts has been dis- 
cussed by RABINOWITCH (4). Considerations of the spatial requirements of 
the various substances within a chloroplast indicate there may be no room 
for protein of the dimensions usually associated with that substance. If the 
protein is within the grana, it may be considerably less folded than nor- 
mal; if, however, it exists within the stroma of the plastid, then on extrac- 
tion a chlorophyll-protein adsorption may result. The primary interest in 
such a protein arises from its possible utilization in hydrogen transfer during 
photoreductive processes. 
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Fic. 2. Absorption spectra of solid chlorophyll a and the equivalent solution in 


acetone. The absorption coefficients for the solid have been multiplied by 2.35 to 
transpose the solid curve to a height comparable with that of the solution. 
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The most positive evidence for compound formation between chlorophyll 
and protein is the enzymatic activity of the complex such as that shown in 
the Hill reaction. The water-soluble sodium, magnesium-chlorophyllin is, 
by itself, inactive with a variety of substrates (unpublished observations). 
However, no attempts to prepare a synthetic chlorophyll-protein complex 
which would perform a Hill reaction appear to have been made. 

In the experiments with purified chlorophyll a it was possible to obtain 
comparable spectra of the solid substance and its solution (fig. 2). The pig- 
ment was transferred quantitatively with acetone from the plate to the cu- 
vette, the latter being filled with solvent to the same height as the pigment was 
onthe plate. The light path consequently traversed the same number of mole- 


SARA Eel Nin eS ne aetna Rs Bie a LA ae Rea OS. 





me 





416 PLANT PHYSIOLOGY 


cules in both measurements. Knowledge of the extinction coefficients of the 
solution permitted calculation of the extinction coefficients of the solid. In 
general the solid coefficients were approximately one third those of the solu- 
tion. Since similar diminutions in intensities could be shown with the sam- 
ples concentrated in grease (for the 10°! M concentration the relative values 
for the solid and the solution at the red maximum were 62 and 100), a prob- 
lem is posed as to the assignment of valid absorption coefficients to the pig- 


ments within the leaf. These values are of considerable interest since they 


are used of necessity in calculating the efficiency of utilization of absorbed 
energy. 
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THE EFFECT OF HYPOCOTYL TEMPERATURE ON 
TRANSLOCATION OF CARBOHYDRATES 
FROM BEAN LEAVES! 


H. BéunincGa, C. A. SWANSON AND A. 
(WITH TWO FIGURES) 
Received October 1, 1951 


In a recent paper, SWANSON and BOHNING (2) reported the influence of 
petiole temperature on the rate of carbohydrate transport from bean leaves, 
as measured by the rate of stem and leaf elongation in complete darkness. 
Sugar was supplied to the plants by immersing the blade of the petiole- 
jacketed leaf in 0.75 M sucrose solution. An optimal petiole temperature 
for transport of near 25° C was indicated in these experiments. No evi- 
dence was found of a negative temperature coefficient (a Qyo less than 1) 
such as WenT and Hutt (3) reported for tomato in the range from 5 to 
30° C. 

These studies have now been extended to include the influence of hypo- 
cotyl temperature on the rate of carbohydrate transport from bean leaves, 
using a similar technical approach. 

Seeds of Phaseolus vulgaris, variety Black Valentine, were planted in 
sand and allowed to germinate under greenhouse conditions. As soon as the 
hypocotyls had straightened, selected seedlings were transplanted to a cul- 
ture tray containing a complete culture solution. The plants were indi- 
vidually supported by means of split cork stoppers placed around the base 
of the hypocotyl. The solution was continuously aerated and the plants 
were allowed to develop under the prevailing greenhouse conditions until 
used in the experiments. 

When the primary leaves were nearly expanded and the distance from 
the base of the hypocotyl to the primary leaf node was approximately five 
inches, the plants were transferred to specially constructed temperature 
jackets mounted above asphalt-paraffin-coated metal trays containing com- 
plete culture solution and equipped with carbon tube aerators. Each of 
these units accommodated 10 plants, and four such units were used in each 
experiment. A modification was made in some of the later experiments in 
that in place of the metal trays, the roots of each plant were allowed to 
develop in aerated culture solution in individual glass tubes. The jackets 
for temperature control were larger (4” x 4)” x 414”) than those used in 
controlling petiole temperature (2), but afforded the same flexibility and 
accuracy of control. The temperature of the hypocotyl was varied within 
the range of 7 to 40° C by means of the jackets while the temperature of 
the rest of the plant was maintained at 25 + 1° C. 


1 Papers from the Department of Botany and Plant Pathology, The Ohio State Uni- 
versity, Columbus 10, Ohio. Number 537. 
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Initial measurements of the length of the stem (from primary leaf node 
to tip of the youngest bud) were made as soon as the hypocotyls had been 
jacketed. In certain experiments the plant units were set up in a controlled 
temperature room equipped with a bank of 12 slimline fluorescent lights 























Fic. 1. Diagram of experimental set-up. Method A: rate of translocation of nutri- 
ents from a leaf supplied with sugar measured by rate of elongation of stem AB in com- 
plete darkness as a function of the temperature of stem-hypocotyl! CD. Method B: 
rate of translocation of photosynthate from primary leaves measured by rate of elonga- 
tion of stem AB. 1, temperature jacket; 2, sucrose solution; 3, culture tube; 4, culture 
tank; 5, adjustable light bank; 6, cotyledonary node 


supplemented with 14 60-watt mazda lamps. This adjustable bank of lights 
was maintained at a distance of approximately one foot above the growing 
tips of the plants and supplied a light intensity of about 1000 foot candles. 

In other experiments the plants were allowed to develop in the controlled 


temperature room without artificial illumination, carbohydrate being sup- 
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plied by immersion of one primary leaf blade in 0.75 M sucrose solution. 
In these experiments, eight plants in each unit received the sugar solution 
and two plants in each unit served as checks. Periodical measurements of 
the growth of the stems were made throughout the course of the experiments. 

A diagram of the experimental set-up is shown in figure 1. Although the 
major region exposed to the various temperature regimes was the hypocotyl, 
it will be noted from the diagram that a small segment of the stem was also 
enclosed in the temperature jackets. For the sake of brevity, the term 
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Fic. 2. Results of two typical experiments showing the effect of hypocotyl tempera- 
ture on stem elongation. O-——O represents growth of stem of sugar-supplied plants 
less elongation of the check plants. (Duration of experiment 115 hours.) Each point 
represents the average of eight plants. Elongation of stem of check plants in experi- 
ments of this type was very small (average for experiment reported was only 13 mm). 
@— plants artificially illuminated. (Duration of experiment 166 hours.) Each point 
represents the average of 10 plants. Standard error is indicated by the vertical lines 
through each point. 
hypocotyl is used to refer to the stem-hypocotyl segment CD which was 
jacketed. 

The results of a typical experiment employing each of these methods 
(fig. 1, A and B) are presented graphically in figure 2. Although the abso- 
lute values of stem elongation varied from one experiment to another the 
data of each experiment when graphed resulted in a curve similar to those 
presented. As may be noted from these data, hypocotyl temperature mark- 
edly affected the elongation of the stem AB (fig. 1), the effect being similar 
to that of petiole temperature observed in earlier studies (2). Maximum 
transport of both naturally oecurring and artificially supplied carbohydrate, 











420 PLANT PHYSIOLOG) 


as measured by stem elongation, occurred at a temperature of approximately 
33° C. 

Since the rate of elongation of the stem may be expected to be limited 
in part by the rate of supply of food materials from the primary leaf to the 
stem tip, it may be inferred that hypocotyl temperature affects the rate of 
this translocation. This remote control of hypocotyl temperature on food 
export from the leaves is more clearly deduced from the experiments of 
Method A (fig. 1). In Method B, the effect of temperature is apparently 
much more marked, but the effect is undoubtedly exaggerated due to the 
increased photosynthetic area resulting from expansion of the trifoliate 
leaves. The young shoots at a hypocotyl temperature of 33° C have an 
advantage during the early phase of growth while they are still primarily 
dependent for food on the primary leaves, this temperature being optimal 
for food export. This initial gain is rapidly capitalized on by the exponen- 
tial increase occurring in the photosynthetic area of the developing shoot. 
Differences in growth of the stems under the various treatments would thus 
become greater with time due to the variability in carbohydrate supply 
brought about by differences in photosynthetic area as well as to the effect 
of temperature on translocation. 

The effect of localized temperature differentials on the rate of transport 
through parts of the plant remote from the treated portion may also be 
inferred from the data of Day (1). Day showed that killing a section of 
the hypocotyl with steam delayed the translocation of 2,4-D from the leaf 
to the epicotyl and reduced the amount translocated. From these facts and 
other data he concluded that interruption of the phloem at any point on the 
stem or petiole interferes with downward transport at all other points on 


the petiole or stem. The present data enlarge on this concept by suggesting 
that hypocotyl temperatures, within physiological limits (7 to 40° C) but 
ranging from limiting to inhibitory levels, affeet phloem transport accord- 
ingly in all other parts of the plant. 


The present technique has not proved adequate in assessing the effect of 
hypocotyl temperature on the rate of food transport to the roots. No repro- 
ducible and statistically significant trend in root growth (maximum elonga- 
tion, fresh weight, or dry weight) was observed which could be related to 
hypocotyl temperature. In experiments using Method B, root growth (maxi- 
mum lineal extension) of the controls was only 20 to 30 mm. less on the 
average than in the case of the sugar-supplied plants. This range was too 
small to establish differential effects of temperature. 

The inference from the above data that phloem transport along a given 
path is influenced by temperature differentials applied outside that path is 
compatible with the view that translocation in the phloem is mainly by 
mass flow of solutions. Such a mechanism of translocation in the phloem 
would envisage a unit hydraulic system in which the effect of a given factor 
applied at any point would be transmitted throughout the entire system. 
Alternative hypotheses cannot be ruled out, however. It is possible that 
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elongation of the stems was limited by a compound synthesized in the roots. 
In this case, however, it would be necessary to further postulate that the 
synthesis of this compound was in turn limited by the rate of transport of 
a precursor from the leaf to the roots, for the rate of stem elongation in the 
minus-sugar controls was nearly negligible. 


This work was supported in part by a grant from funds of the Ohio State 
University Research Foundation to the University for aid in research. 
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THE BIOSYNTHESIS OF CARBON-14-LABELED COMPOUNDS. 
Il. THE CHROMATOGRAPHIC SEPARATION OF THE 
MONOSACCHARIDES, DISACCHARIDES, AND 
TRISACCHARIDES FROM PLANT 
EXTRACTS ! 


G. R. Noaarte ann M. ELeEANoR SCHUMACHER 
(WITH ONE FIGURE) 
Received November 16, 1951 


During the development of a method for the separation of biosyntheti- 
cally prepared C!*-labeled glucose and fructose (4), it was found necessary 
to remove sucrose from the plant extracts before the monosaccharide sepa- 
ration could be effected. Montcomery et al. (3) used the Tiselius displace- 
ment technique for isolating 6-(a-p-glucopyranosy!)-p-glucose from an 
enzymatic starch hydrolyzate, and indicated in a footnote that the method 
could be adapted to a separation of monosaccharides and disaccharides. 
WHISTLER and Durso (7) demonstrated that a mixture of charcoal (Dareo 
G-60) and Celite (Celite 535) could be used for the column separation of 
monosaccharides, disaccharides, and trisaccharides. Using the former tech- 
nique, we found that glucose and sucrose could be separated but that the 
method involyed.the use of three charcoal columns in series, and rather 
large volumes of solution were required to carry out the separation. The 
latter method does not need elaborate equipment and enables one to handle 
rather large amounts of sugar without resorting to excessively large volumes 


of desorbing solutions. It was found possible, by using this method to sepa- 


rate sucrose from the monosaccharide fraction of plant sugar extracts and, 
in addition, to isolate a trisaccharide fraction. 

The general procedure followed is that of WHisTLer and Durso (7) and 
is here briefly summarized. A mixture of Darco G-60 and Celite 535 was 
selected as the adsorbent. Other charcoals were tried but the Darco G-60 
gave the most consistent results. Equal amounts by weight of the char- 
coal and Celite were mixed, washed with water, filtered, and dried. The 
adsorbent (35 gm.) was packed dry in a glass chromatographic tube 25 
mm. in diameter and 300 mm. long, the bottom of which was attached to 
a receiving flask, which in turn was connected to a vacuum line. The ad- 
sorbent was slowly added to the tube (vacuum on) until a column 250 mm. 
long was attained. During the filling process the sides of the tube were 
vigorously tapped to aid in packing the adsorbent. Before the addition of 
the sugar solution 150 ml. of water were passed through the column, the flow 
rate then being maintained at approximately 200 ml. per hour. Whistler 


1 Work performed under contract no. W-7405-eng-26 for the Atomic Energy Com- 
mission, 
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and Durso state that a column 34 mm. x 230 mm. has a loading capacity of 
2 gm. of sugar. Our columns had roughly the same capacity but the amount 
of sugar placed on the column was dependent upon the relative proportions 
of monosaccharides and disaccharides present in the solution. If the disac- 
charide fraction predominated, then not more than 1 gm. of sugar was 
loaded on the column. If the disaccharide fraction was small then up to 
2 gm. of sugar could be put on the column. 

The sugars were removed from the column by the successive additions of 
water and increasing concentrations of ethanol. The monosaccharide frac- 
tion was desorbed with 800 ml. of water, the disaccharide fraction with one 
liter of 5% ethanol, and the trisaccharide fraction with 500 ml. of 15% 
ethanol. From the time that the adsorbent was wetted with water, the 
sugar solution and desorbing solutions were so added that the column was 
not permitted to run dry. The columns could not be reused and a new one 
was prepared for each separation. 

The desorbed sugar solutions were concentrated and aliquots analyzed 
for reducing sugar and total sugar after acid hydrolysis. Samples of the 
aliquots were also run on paper chromatograms’ (6) to check on the com- 
pleteness of separation. Radioactive sugars were detected on the paper 
chromatograms by exposing them to Eastman No-Screen X-ray film. 

We found, as did Whistler and Durso, that the monosaccharides were 
desorbed with 800 ml. of water. A smaller volume of water decreased the 
recoveries of the monosaccharides, while a larger volume increased the 
chance for the disaccharide fraction to appear as a contaminant. Occasion- 
ally, however, small amounts of disaccharides were found in the monosac- 
charide fraction when 800 ml. of water was used. Most of the difficulty was 
found to be due to inadequately mixed charcoal and Celite. As the mixture 
had a tendency to layer out when stored, a column containing an excessively 
high proportion of Celite was occasionally prepared. Under these condi- 
tions the disaccharide fraction appeared in the water eluate along with the 


monosaccharides. If, on the other hand, the column was prepared with the 
adsorbent containing a high proportion of charcoal, a very slow flow rate 
was obtained and the complete separation was difficult to carry out. Poor 
separation was also found with one batch of Darco G-60, but a number of 
subsequent batches have given no difficulty. 


The desorption of a number of monosaccharides that might be expected 
in plant extracts was carried out and the results are shown in table I. Two 
different charcoal-Celite mixtures were prepared and tested for improved 
sugar recovery. The results of the desorption of glucose, fructose, and 
galactose from adsorbent columns prepared from the various charcoals are 
shown in table II. Bone charcoal gave much better recoveries than the 
other charcoals but, because of the difficulty in obtaining uniform batches 
for routine work, the Dareco G-60 has been used in all subsequent work. 

To check the completeness of the monosaccharide-disaecharide separa- 
tion, two experiments were carried out with mixtures of C'-labeled glucose 
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TABLE I 


RECOVERY OF GLUCOSE, FRUCTOSE, GALACTOSE, AND ARABINOSE FROM A 
DARCO G-60-CELITE 535 COLUMN AFTER DESORPTION WITH 800 ml. 
OF WATER. 


Sugar Added Recovered Recovery 





mg. % 
Glucose . 249 91 
Fructose 259 100 
Galactose d 238 84 
Arabinose : 250 99 





and sucrose. In the first case, 100 mg. of inactive glucose and 20 mg. of 
labeled sucrose (0.152 pe./mg.) were mixed, and then separated by the pro- 
cedure described. The water and the 5% ethanol fractions were concen- 
trated in vacuo to a small volume and placed on Whatman no. 1 filter paper 
for paper chromatography with a butanol-ethanol-water (40:10:50) sol- 
vent. Following the development of the chromatogram, the paper was dried 
and an autoradiograph was prepared. The developed autoradiograph re- 
vealed no sucrose spot in the monosaccharide fraction. Total and reducing 
sugar was determined chemically on the water and 5% ethanol fractions. 
The water fraction contained 92 mg. of reducing sugar and no non-reducing 
sugar. The 5% ethanol fraction contained 5 mg. of reducing sugar and 18 
mg. of non-reducing sugar. A second mixture of 20 mg. of labeled glucose 
(0.64 pe./mg.) and 100 mg. of inactive sucrose was prepared and treated 
similarly. Autoradiographs of the two fractions indicated a small glucose 
contamination in the sucrose. The water fraction was found to contain 18 
mg. of reducing sugar and no non-reducing sugar. The 5% ethanol fraction 
contained about 1 mg. of reducing and 94 mg. of non-reducing sugar. 

Raffinose, the only trisaccharide commonly found in plant tissues, may 
be conveniently isolated from plant extracts by the method of Whistler and 
Durso. Using this technique we pooled a number of trisaccharide fractions 
from biosynthesis runs and isolated and crystallized the raffinose (1). At 
this writing a total of 600 mg. of C'*-labeled raffinose (0.021 pe./mg.) have 
been prepared. 


TABLE II 


RECOVERY OF GLUCOSE, FRUCTOSE, AND GALACTOSE FROM DARCO G-60, 
NORIT A AND BONE CHARCOAL COLUMNS AFTER DESORPTION 
WITH 800 ml. OF WATER. 


Norit A 


Bone chesceal 





% % % 


Glucose 91 87 97 
Fructose 90 100 
Galactose 84 87 
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The leaves of Canna indica were exposed to 5 me. of C' as C™QOz in the 
photosynthesis apparatus described by NoccLte and Botomey (4), after 
which the sugars were extracted with 80% ethanol and then deproteinized 
and deionized (4). The extract, containing 300 mg. of sucrose and 230 mg. 
of reducing sugars was concentrated to 25 ml., and then separated on a 
Darco G-60-Celite 535 column. Paper chromatograms of the three sepa- 
rated fractions were prepared and then autoradiographed (fig. 1). The 
monosaccharide fraction was found to contain no sucrose. There was also 
a small spot indicating a compound with an R; value lower than sucrose, but 
in an amount too small to identify. This compound did not appear to be 
raffinose but it moved on the paper to a region that was slightly above 
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Fic. 1. Autoradiograph of papergram run in butanol-ethanol-water (40:10:50) con- 
taining fractions from sugar separation of Canna indica leaves. 


raffinose. Phosphorylated sugars also are found in this region but the ion- 
exchange treatment should have removed them. The material did not inter- 
fere with the subsequent column separation of the glucose and fructose. 
The disaccharide fraction contained sucrose, a small amount of glucose, and 
some sugar that appeared to be raffinose. The trisaccharide fraction con- 
tained raffinose and a small amount of sucrose. 

Another feature which enhances the value of the charcoal-Celite column 
when handling plant extracts is its clarifying power. Traces of color which 
frequently appear in the extract are partially removed in the deproteiniza- 
tion and deionization procedure. Such colored extracts, when passed through 
the charcoal-Celite columns, come out sparkling clear. ‘ 

The problem of primary importance in the investigation was to find a 
method that would remove the disaccharides from plant extracts so that 
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the monosaccharides could be separated by column chromatography. The 


method of Whistler and Durso was found to be satisfactory for this purpose. 
In addition, the data of Whistler and Durso indicated that a disaccharide 
and a trisaccharide fraction might be separated from plant extracts. This 
was found to be true but there was some monosaccharide and trisaccharide 
contamination of the disaccharide fraction and a disaccharide contamina- 
tion in the trisaccharide fraction. The amount of contamination was very 
small and under ordinary conditions would not interfere with the prepara- 
tive separation of the sugar components from a plant extract. When han- 
dling labeled sugars, however, this contamination might give some trouble. 

A second prerequisite of the method was that it be capable of handling 
at least one gram of sugar. The Whistler and Durso method also fulfilled 
this requirement. 

The present method does not satisfactorily solve the problem of com- 
pletely separating the sugar components from complex mixtures such as 
plant extracts. There are many important sugars such as the pentoses that 
can not be separated. The recent demonstration by Kuym and ZiLu (2) 
that sugars could be separated by ion-exchange has opened up the possi- 
bility of making a complete separation of all the sugars present in plant 
extracts. The method has been adapted to the quantitative analysis of the 
sugars in plant extracts (5) and additional work has shown its application 
to preparative procedures. 
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NOTES 


Western Section.—Officers of the Western Section for the year 1951-52 
are Herbert B. Currier, Chairman, M. D. Thomas, Vice-Chairman, and 
Harlan K. Pratt, Secretary-Treasurer. The Section will meet with other 
affiliates of the Pacifie Division, A.A.A.S., at Oregon State College, Corval- 
lis, June 17-20, 1952. The program will consist of four sessions of sub- 
mitted papers, a field trip, and two symposia. Members of the Society who 
may be able to attend should correspond at once with the Secretary and 
Program Chairman of the Western Section to receive further notices or to 
submit papers for presentation. Address: Prof. Harlan K. Pratt, Division 
of Truck Crops, University of California, Davis, California. 





John I. Lauritzen —The American Society of Plant Physiologists records 
with sorrow the passing of one of its members, John Irwin Lauritzen, retired 
physiologist with the Bureau of Plant Industry. Dr. Lauritzen received his 
B.S. degree from Utah State College in 1914 and his Ph.D. in plant pathol- 
ogy from Cornell University in 1919. He served as a plant pathologist with 
the Bureau of Plant Industry from 1918 until 1930 and as Senior Physiolo- 
gist from 1930 until his retirement. Dr. Lauritzen was a charter member 
of the American Society of Plant Physiologists and maintained his member- 
ship continuously from 1924 to 1951. He died in November 1951 at River- 
side, California, at the age of 67. 





Mineral Nutrition of Plants—Emit Truoc, Editor. University of Wis- 
consin Press, 811 State Street, Madison, Wisconsin. 469 pages, 1951. $6.00. 

Mineral Nutrition of Plants comprises the papers presented during ¢ 
symposium on mineral nutrition at the University of Wisconsin in Septem- 
ber 1949. The symposium was arranged for the presentation of the latest 
theoretical and practical information by those actively engaged in research 
in mineral nutrition of plants. The topics included are: World Food Pos- 
sibilities and Fertility Status of Our Soils by C. E. Kellogg and A. C. Orve- 
dal; Soil as a Medium for Plant Growth by E. Truog; The Activities of 
Cations Held by Soil Colloids and the Chemical Environment of Plant Roots 
by C. E. Marshall; The Availability of Soil Anions by R. Overstreet and 
L. A. Dean; Contact Phenomena between Adsorbents and Their Signifi- 
sance in Plant Nutrition by H. Jenny; The Effect of Soil Physical Prop- 
erties on Nutrient Availability by J. B. Page and G. B. Bodman; Role of 
Soil Microorganisms in Nutrient Availability by A. G. Norman; The Nature 
of the Process of Inorganic Solute Accumulation in Roots by T. C. Broyer; 
The Mechanism of Ion Absorption by H. Burstrém; The Translocation of 
Minerals in Plants by O. Biddulph; Control of Nitrogen Effects on McIn- 
tosh Apple Trees in New York by D. Boynton; Production of Vegetable 
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Crops for the Canning Industry by J. B. Hester; Growth and Function as 
Criteria in Determining the Essential Nature of Inorganic Nutrients by D. 
I. Arnon; Mineral Nutrition in Relation to the Ontogeny of Plants by W. 
F. Loehwing; Correlations between Protein-Carbohydrate Metabolism and 
Mineral Deficiencies in Plants by R. A. Steinberg; Light as a Modifying In- 
fluence on the Mineral Nutrition of Plants by R. B. Withrow; Soil Moisture 
and the Mineral Nutrition of Plants by C. H. Wadleigh and L. A. Richards; 
Environmental Influences on the Growth of Sugar Cane by H. F. Clements. 


Bacterial Physiology.—Edited by C. H. WerkmMawn and P. W. Witson, 
Academie Press, Inc., 125 East 23rd Street, New York 10, New York. 707 
pages, 1951. $8.50. 


The contributors to this volume present the chemistry and physiology of 
the bacteria in general discussions of experimental data, modern views, and 
theories. The authoritative treatments of the fundamentals of bacterial 
physiology and its contributions in the broader fields of general biology will 
be of great value to teachers, advanced students and research workers in 
all of the plant sciences. The chapters are: Chemistry of the Bacterial Cell 
and the Structure of the Bacterial Cell by G. Knaysi; Inheritance, Varia- 
tion, and Adaptation by J. Lederberg; Growth of Bacteria by I. C. Gun- 
salus; Physical Factors Affecting Growth and Death by P. Mitchell; Chemi- 
cal Factors Affecting Growth and Death by O. Wyss; Bacterial Nutrition- 
Chemical Factors by E. E. Snell; Bacterial Enzymes and the Theory of 
Action by F. Schlenk; Anaerobic Dissimilation of Carbohydrates by C. H. 
Werkman and F. Schlenk; Bacterial Oxidations by E. 8. G. Barron; Auto- 
trophic Assimilation of Carbon Dioxide by J. W. Foster; Assimilation of 
Carbon Dioxide by Heterotrophic Bacteria by C. H. Werkman; Organic 
Nitrogen by E. F. Gale; Biological Nitrogen Fixation by P. W. Wilson; 
Mineral Metabolism by 8. G. Knight; The Comparative Biochemistry of 
Molecular Hydrogen by H. Koffler and P. W. Wilson; Assimilation by Bac- 
teria by C. E. Clifton; Degradation and Synthesis of Complex Carbohy- 
drates by H. A. Barker and W. Z. Hassid; Significance of Autotrophy for 


Comparative Physiology by W. W. Umbreit; Luminous Bacteria by F. H. 


Johnson. Reference citations selected by the contributors are assembled in 
a bibliography for the entire volume. A subject index and a microérganism 
index are included in the book. 


Natural and Synthetic High Polymers.—Kurt H. Meyer. Second Edi- 
tion. Interscience Publishers, Inc., 250 Fifth Avenue, New York 1, New 
York. 891 pages, 1950. $15.00. 


This publication is the second edition of the book which appeared in 1942. 
The rapid development of polymer chemistry in theoretical concepts, new 
groups of polymers and new applications has occasioned the rewriting of 
the text and the addition of over 200 pages of new material. The book is 
organized in the following sections: Physical and physico-chemical investi- 
gations of high polymers; Inorganic high polymers; High polymeric hydro- 
carbons and their derivatives; Polymeric ethers, esters, sulphides, ete.; 
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Cellulose and its derivatives; Animal and vegetable polysaccharides and lig- 
nin; Proteins; Properties of high polymers in solution; Elasticity, viscosity, 
and plasticity of high polymers; Films, foils and membranes; Molecular 
structure of animal and plant tissues. Author and subject indices are 
included. 


Advances in Enzymology and Related Subjects of Biochemistry, Vol- 
ume XII.—Edited by F. F. Norn. Interscience Publishers, Inc., 250 Fifth 
Avenue, New York 1, New York. 570 pages, 1951. $9.75. 

The publishers of this series have deviated from their annual schedule 
by issuing an additional volume for 1951 in order to avoid a delay in pub- 
lication of manuscripts on hand. The following articles are included in this 
volume: Oxidoreduction in Chloroplasts by Robert Hill; Mechanisms of 
Fixation of Carbon Dioxide by Heterotrophs and Autotrophs by Berton F. 
Utter and Harland G. Wood; Enzyme-Substrate Compounds by Britton 
Chance; The Specificity of Certain Peptidases by Emil L. Smith; The En- 
zymic Hydrolysis and Synthesis of Acetylcholine by David Nachmansohn 
and Irwin B. Wilson; The Present Status of Starch Chemistry by Kurt H. 
Meyer and G. C. Gibbons; Enzymes of Starch Degradation and Synthesis 
by Peter Bernfeld; Biological Methylation by Molds by F. Challenger; and 
Reaction of Borate with Substances of Biological Interest by Charles A. 
Zittle. Author and subject indices for this volume and a cumulative index 
of authors and subject for volumes one to twelve complete the book. 


Advances in Agronomy, Volume III.—A. G. Norman, Editor. Academic 
Press, Inc., 125 East 23rd Street, New York 10, New York. 361 pages, 1951. 
$7.80. 


The third volume in this series of publications includes the following 
articles: The Subsoil by E. Winters; The Management of Alfalfa Meadows 
by C. J. Willard; The Chemistry of Soil Potassium by R. F. Reitemeier; 
The Changing Pattern of Agriculture in England and Wales by J. A. Me- 
Millan; The Adaptability and Breeding of Suitable Grasses for the South- 
eastern States by G. W. Burton; Chemical Treatment of the Soil for Nema- 
tode Control by A. L. Taylor; Problems and Progress of Soil Conservation 
in the United States by H. J. Harper; Irrigation, Agriculture and Soil Re- 
search in the United States by R. O. Parks. Author and subject indices 
are included. 


Industrial Oil and Fat Products—ALton E. Battey. Second Edition. 
Interscience Publishers, Inc., 250 Fifth Avenue, New York 1, New York. 
967 pages, 1951. $15.00. 

The revised and augmented edition of this work is again primarily a text 
on oil and fat technology with the greater part devoted to a description and 
discussion of the commercially important oil and fat products and the proc- 
esses used in the manufacture of these products. In other sections the 
chemical and physical nature of fats and oils is briefly reviewed, and the 
various fatty raw materials are considered with respect to their composition, 
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characteristies, and availability. Author and subject indices complete the 
volume. 


The Lipids, Volume I: Chemistry.—Harry J. Deven, Jr. Interscience 
Publishers, Ine., 250 Fifth Avenue, New York 1, New York. 982 pages, 
1951. $18.50. 


The first volume of this two-volume treatise covers the chemistry of the 
lipids. The second volume will be concerned exclusively with the biochemi- 
cal and nutritional implications of the substances. The information on the 
chemistry of the lipids in both plant and animal tissues is organized in the 
following units: General characteristics and classification of lipids; The 
chemistry of fatty acids and glycerol; The chemistry of neutral fats; waxes, 
higher alcohols including sterols, triterpenes, glyceryl, ethers, colored fats, 
and hydrocarbons; Chemistry of the phosphatides and cerebrosides; Caro- 
tenoids and related compounds; Distribution, properties, and chemistry of 
the vitamins A, provitamins D and vitamins D, the vitamin E group, and 
the vitamin K group. Comprehensive author and subject indices and an in- 
dex to the generic names of the plant and animal sources of lipids are in- 
cluded in the volume. 


Conference on the Use of Isotopes.—Kansas State College, Argonne 
National Laboratory, and the Isotopes Division of the United States Atomic 
Energy Commission will sponsor a conference on The Use of Isotopes in 
Plant and Animal Research, June 12 to June 14, 1952, at Kansas State Col- 
lege, Manhattan, Kansas. <A detailed program will be available in March. 
Persons wishing to receive it, together with information on housing, should 
write Director R. 1. Throckmorton, Kansas Agricultural Experiment Station, 
Manhattan, Kansas. 


Principles of Plant Physiology.—James BoNNeR and ArTHUR W. GaL- 
ston. W.H. Freeman and Company, San Francisco, California. 509 pages, 
1952. $5.50. 


This book meets a long standing need for an elementary textbook of 
plant physiology which gives an adequate treatment of the chemistry of 
plant processes, particularly those of metabolism. The basic principles 
of plant physiology are presented in a concise and coherent account designed 
especially for understanding by all students of the plant sciences. Such a 
presentation has necessitated the adoption of certain interpretations in con- 
troversial issues which the authors judge most helpful to the student. The 
numerous illustrations which are generally excellent and in some instances 
very dramatic contribute greatly to the value of the textbook. The illus- 
trations of metabolic pathways in plants will be especially helpful to be- 


ginning students. The subject matter is arranged in twenty chapters under 


the three major headings of nutrition, metabolism, and growth and develop- 
ment. Original research papers are not cited in the text but each chapter 
contains a list of references for general reading which includes a review 
paper that provides the student with an entrance to the literature on the 
various topies. The book is provided with an index. 
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